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abstract This  study  analyzed  the  urban  metabolism  of  the  city  of  Aveiro  with  a
consumption-based perspective. The MFA coupled city scale data of energy,
water,  wastewater  and solid  waste  with downscaled national  data,  getting a
total  mass  of  inputs  equal  to  163  kg/cap/day  and  of  outputs  equal  to  148
kg/cap/day,  the  difference being  due  to  net  accumulation.  An  economic  IO
analysis was done for the household expenses and found a total impact of 26
kg CO2-eq./cap/day for climate change (CC) and 7 kg oil eq./cap/day for fossil
depletion (FD). The process LCA was done using the products and processes
quantities estimated with the MFA. The process LCA total impacts were 27 kg
CO2-eq./cap/day for CC, 8 kg oil eq./cap/day for FD and 3 points/cap/day for
the ReCiPe endpoint impact. It allowed also the discrimination of products that
contributed to more than 1% of each impact (priority products). Process LCA
was also applied to the water cycle of Aveiro to compare local impact factors
with the ones used from LCA databases. It was observed that the local impact
factors  of  the  water  cycle  were  more  than  2  times  higher,  showing  the
importance of carrying detailed local studies, especially for priority products. 
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1. Introduction
1.1. Background
There is a growing concern about the environmental impacts of cities. According to the
United Nations (UN, 2011), the urban population of the world was 729 million inhabitants
in 1950 (29% of the total population) and went up to 3,486 million inhabitants in 2010
(51% of the total).  This is  an increase of almost 5 times in only six decades and it is
expected that the urban population will reach 6,286 million citizens by 2050 (UN, 2011).
This  high  increase  of  population  in  cities  brings  along a  high  increase  on demand of
products  and  resources.  Hence,  high  pressures  on  the  environment  result  from  these
demands of city dwellers. 
Several political efforts, panels and strategies are seeking for a more sustainable use of
natural  resources,  so  that  our  society  may  develop  in  a  more  sustainable  way.  The
“Thematic Strategy on the Sustainable Use of Natural Resources” (European Union (EU),
2005) is  an example of  political  effort  seeking a better  use of  natural  resources.  It  set
guidelines for the EU aiming to reduce negative environmental impacts of the consumption
of natural resources throughout their life cycle. The idea was to improve resource yield,
reduce  impacts  and  replace  excessively  polluting  resources  with  alternatives.  Another
political  effort  on that  direction was the “International  Panel  for  Sustainable Resource
Management” (United Nations Environment Programme - UNEP, 2010). It was created to
provide assessment on the sustainable use of natural  resources and their environmental
impacts over the full life cycle and to contribute to the knowledge on how to decouple
economic growth from environmental degradation. 
UNEP (2010) defines priority industries,  products and material groups.  In a production
perspective the main industries listed were electrical  utilities,  residential  heating, metal
refining, transportation, other energy intensive industries, agricultural and biomass using
activities,  fisheries,  chemical  industries  and  paper  mills.  For  the  final  consumption
perspective  the  most  important  categories  presented  were  the  ones  related  to  housing,
mobility and food and manufactured products. In a material use perspective, agricultural
goods and biotic materials, fossil fuels, metals (iron, steel and aluminum) and construction
materials (rock, stone,  cement and concrete) were the most important  ones.  The report
stated  also  that  a  limited  number  of  studies  are  available,  especially  for  the  final
consumption and material use perspectives. Only national level studies were analyzed.
To  bring  “sustainable  resource  use”  into  practice  it  is  important  to  have  concrete
measurements. This quantification could enable the comparison of different products by a
consumer and the optimization of a process by an industry, for example. Urban metabolism
is a relatively new field of study that analyze a city describing its functionalities, assessing
environmental  impacts,  showing  urban-urban  and  urban-rural  inter-linkages  and
identifying drivers and possible measures (Minx et al., 2011). One methodology being used
in urban metabolism studies is the Material Flow Analysis (MFA). The MFA examines a
given system by accounting for all its inputs, material accumulations and outputs in terms
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of  mass.  Life  Cycle  Assessment  (LCA)  is  another  methodology  applied  on  urban
metabolism studies. LCA does not consider only the inputs and outputs within the limits of
a system, but also their environmental impacts on the whole life cycle, from cradle to grave
(International Standards Office (ISO), 2006). It can analyze, for example, if a plastic bottle
is  more  or  less  sustainable  than  a  glass  bottle,  for  what  it  will  consider  the  resource
consumption and emissions and their environmental  impacts in the whole cycle of the
product (from resource extraction until disposal or recycling). LCA is being widely used all
over  the  world,  what  can  be  seen  in  the  many  publications  of  international  journals
available on the topic: International Journal of Life Cycle Assessment, Journal of Industrial
Ecology, The Journal of Life Cycle Assessment (Japan), etc.  Many industries are doing
LCA of their products to be able to identify what  are the main environmental  impacts
caused by them and to tackle those impacts as a priority. Two types of LCA are common:
economic input-output analysis (IO analysis) and process LCA. IO analysis is a relatively
simple and fast way of analyzing the impacts of a product or system, by considering the
monetary fluxes it generates in the whole national economy and the average environmental
impact of each economic sector (e.g. carbon dioxide (CO2) emissions per Euro). Process
LCA demands more information, time and efforts because it describes a product or system
in detail, with all flows, reactions and transformations on physical units (e.g. kg, m³). After
gathering all this detailed information, impact data are assigned to each input and output
within  the  studied  system  boundaries.  Impact  data  refer  to  the  data  after  the
characterization step of the impact assessment phase of a LCA (e.g. kg CO2 equivalent (kg
CO2-eq.)).
Urban  metabolism  studies  found  in  the  literature  already  sought  to  analyze  the
environmental burdens of cities, but most of them lack an estimation of overall impacts.
They either focused on one impact as climate change or considered only one product flux
or assigned material  flows without going on their impacts.  Moreover,  most of the past
studies found in the literature were focused only on what happens within the city limits, not
taking into account the environmental impacts caused by their citizens overall demands. In
this production-based analysis, the energy consumption and air emissions associated to a
Chinese  city that  manufactures  a  product  that  is  sold in  Europe,  due  to  the European
consumers demand, is accounted as a burden of the Chinese city to the environment. The
emissions and impacts of growing fruits in Brazil that are sold in the United States would
be allocated to  a  Brazilian city,  while  the “benefit”  or  the consumption of  the fruit  is
occurring elsewhere.
1.2. Objectives of this study
The idea of this study came from the possibility of carrying a LCA for the welfare of living
in a city.  In this case,  the welfare of a citizen should be comparable with a process or
product. An industrial product, for example, usually has several inputs and outputs for its
production, from which environmental impacts can be estimated. The welfare of a citizen
also has  many inputs and outputs,  such as  consumption of  electricity,  food,  water  and
generation of waste, wastewater and air emissions. 
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This  study aimed to  test  whether  LCA is  an appropriate  tool  to  analyze  a  whole  city
metabolism  with  a  demand-based  approach.  For  the  sake  of  being  demand-based,  it
focused  on  the  inputs  and  outputs  of  products  related  with  residential,  transportation,
commerce and services consumptions. The industrial and agricultural inputs and outputs
were included only for  some analyses.  The selected study area was the city of  Aveiro
(Portugal). At first it was done a MFA of the city's metabolism in chapter 3, mainly using
information at the city level. The MFA was applied to allow a further comparison of results
obtained for the inputs of the process LCA and to avoid leaving any important flow out of
the analysis.  IO  analysis of the impacts due to residential  demands was carried out in
chapter  4.  It  was  decided  to  apply  the  IO  analysis  before  the  process  LCA to  allow
comparison  of  the  results  of  both  methodologies.  A downscaling  of  national  data  on
consumption of  products  was  used  in  chapter  5  to  obtain  the  inputs  that  were  further
analyzed with a process LCA approach. Finally, a more detailed LCA was done in chapter
6 for the water cycle using local data obtained from companies and entities responsible for
the water cycle management. The water cycle LCA was done to compare results for a local
scale analysis with results of the city process LCA that used LCA database impact data.
The intention of this research is to provide one more case study on the expanding field of
urban metabolism. This case study is innovative on using, at a city level, MFA, IO analysis
and process LCA at the same time. It is also the only urban metabolism analysis found that
used  process  LCA to  estimate  the  environmental  impacts  of  a  large  list  of  products
consumed (83 products/processes in total). The application, comparison and analysis of the
downscaling technique of national data is also a contribution to the development of this
sort of techniques, which are still needing many improvements (Minx et al., 2011). 
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2. Literature Review
This literature review was devoted to analyze some of the methodologies available for
conducting a study of environmental impacts of a city. Several studies have already been
done with this aim and most of them are usually grouped under the concept of “urban
metabolism”. Some studies focused on MFA within a city. Process LCA was used in some
studies focusing on specific material flows, whereas IO analysis was applied to check the
impacts of a city as a whole with data aggregated in sectors. Some studies focused on the
impacts associated with carbon emissions of cities or their “carbon footprint”, while others
applied the “ecological footprint” (EF) concept. Sustainability indexes were also used to
compare  different  cities  making a  qualitative  analysis  of  their  environmental  situation,
without quantification of material flows. All these methodologies are going to be described
in separate sections of this chapter.
2.1. Urban metabolism
Wolman (1965) was the first to propose the term urban metabolism and to apply it for a
hypothetical United States (U.S.) city of 1 million inhabitants. According to this author the
metabolism of a city can be defined as all the materials and commodities needed to sustain
the city’s inhabitants at home, at work and at play. 
Graedel  (1999) compared the city with a living organism and stated that  cities can be
regarded  as  organisms,  and  analyzed  as  such,  in  an  attempt  to  improve  their  current
environmental performance and long-term sustainability. Besides, this author proposed ten
main  components  that  should  be  analyzed  for  what  he  called  the  “ecocity  metrics”:
population density, open space, transportation, Human Development Index (HDI), energy
use, water use, materials use, air quality, solid waste and management plan.
More recently, Minx et al. (2011) presented a report to the European Environment Agency
(EEA)  in  which  the  actual  concept  of  urban  metabolism  was  analyzed  and  some
improvements were suggested. The report wanted to apply the urban metabolism concept
to  (a) describe  the  functionalities,  (b)  assess  the  environmental  impacts  of  urban
areas/patterns as well as ongoing urbanization processes across Europe, (c) show the inter-
linkages and mutual impacts among urban areas and between urban and rural areas and (d)
identify the drivers and successful response measures. Minx et al. (2011) considered the
following as the two main features of a system approach, as the one desired in the urban
metabolism analysis:
− Completeness – it is important to describe all metabolic flows in order to avoid
environmental problem shifting (e.g. less CO2 but more radioactive waste).
− Consumption-based accounting and global system boundaries – a relevant share of
the environmental  pressures caused by the city's  consumption occurs outside its
borders, hence, the urban metabolism flows should be based on the consumption of
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a city, rather than on its production (e.g. electricity is produced only in a few cities
of  a  country,  but  these  cities  should  not  respond  for  the  whole  environmental
pressure since the electricity demand comes from all the other cities as well).
Minx  et  al.  (2011)  stated  that  there  were  no  studies  in  the  literature  providing  a
comprehensive analysis of urban metabolism, due to the high data requirements imposed
by these two main features. MFA studies usually have the completeness in the description
of materials directly imported/exported to/from a city,  but  neglect  the indirect  material
requirements  in  higher  supply  chains  due  to  restrictions  on  data  availability.  Studies
focusing on a specific metabolic flow such as energy or CO2 can usually quantify all the
indirect flows in higher supply chains, but lack completeness. According to Minx et al.
(2011) urban metabolism studies also need to start considering determinants of the flows
(e.g. urban form, infrastructure and lifestyles), the relation of the flows with environmental
impacts,  the state of degradation or scarcity of sources of  the inputs and sinks for the
outputs and the urban quality and livability. Only by adding these components, instead of
purely describing the inflows and outflows, urban metabolism studies can become more
comprehensive and useful for local decision-making processes. Apart from that, Minx et al.
(2011) listed also the following requirements for their urban metabolism study: pragmatism
(use of available information), comparability, transparency and applicability to any human
settlement (since urbanization processes,  urban sprawl and their environmental  impacts
emerge at the interface between rural and urban living).
Minx et al. (2011) questioned which is the best available methodology to describe an urban
metabolism and  listed  the  following,  stating  that  the  problem  was  not  availability  of
methodology, but availability of data:
− IO analysis – top-down approach that tries to link the global production impacts of
each economic sector to the local consumption in monetary units. It  is easier to
apply and demand less information.
− MFA or LCA – bottom-up approaches that try to calculate system-wide impacts of
individual supply chains (LCA) or the total flows of materials and products (MFA).
They provide more precise estimates for particular products and materials (more
disaggregated information). 
− Hybrid IO analysis and LCA – combining information from both.
Although Minx et al. (2011) proposed theoretically many challenging features for a urban
metabolism study, these features where not applied on their study. As their intention was to
analyze several cities of Europe at the same time, they applied their theoretical concept of
urban metabolism only partially. They did it by developing a set of indicators which use
publicly available data and that could be an early warning of potential environmental stress
imposed by cities. They also applied an IO analysis for England, with local consumption
based on geodemographics. Geodemographics is the study of society's similar patterns of
behavior  (and  consumption)  according to  the place  where  they live  (e.g.  a  street  or  a
neighborhood). It is an interesting approach to downscale information to a city level (or
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even smaller areas as neighborhoods), but only very few countries have information on
geodemographics available at the moment. Minx et al. (2011) recognized the development
of downscaling methodologies as one of the main needs for the improvement of urban
metabolism studies.
Liu  et  al.  (2009)  described  four  available  methodologies  to  study a  city's  metabolism,
namely EF,  LCA, Exergy and Emergy.  EF converts  fluxes into a  landscape equivalent
index and will be explained in detail in section 2.6. LCA will also be explained in detail in
section  2.3.  Exergy  analysis  calculates  the  energy  available  to  be  used  instead  of
calculating the direct energy. Emergy studies calculate the embodied energy or the energy
used directly or indirectly to built up a product or service. Liu et al. (2009) described some
advantages of using Emergy analysis, such as the consideration of human labor and money
and the indirect consideration of material's scarcity. They also stated that it is not yet a very
commonly used methodology and it is characterized by a very complex set of calculations
and factors. Exergy and Emergy analysis will not be further described in this study. 
Olazabal et al. (2009) proposed a urban “smart” management aiming to find how cities can
perform their activities learning from natural ecosystems, i.e. using their materials, energy
and water  in  a  more balanced  way.  Their  synthesis  of  a  urban system management  is
presented in Figure 2.1.1.  
Figure 2.1.1. Urban “smart” management (Olazabal et al., 2009).
According to Olazabal et  al. (2009) the urban system management should comprehend
food, water, materials, energy and land as inputs. It should also take into account the social,
environmental, economic and normative pressures. One aim of the system should be the
minimization of pollution, waste, noise and consumption. For that, each input's flow shall
be described and analyzed in detail and such a detailed descriptive model was built for the
food flow and is presented in Figure 2.1.2.
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Figure 2.1.2. Food flow descriptive model (Olazabal et al., 2009).
The example of urban metabolic flow given for the food flow comprehends all activities
and impacts along the food production, transportation, sales and consumption. It includes
imports and exports, agriculture, transformation industry, logistics, retail trade, wholesale
trade,  traditional  markets,  economical  activities  consumption,  household  consumption,
animal  consumption  and  waste  treatment  plants.  All  the  inputs  and  outputs  for  those
activities are also considered.
2.2. Material Flow Analysis (MFA)
A brief description of MFA concept and case studies is given by Minx et al. (2011). MFA is
a  methodology  to  examine  a  given  system  (e.g.  a  city,  a  company,  a  household),  by
accounting for all its material inputs, the material accumulations (“stocks”) and its outputs.
A distinction should be made between MFA and Substance Flow Analysis (SFA), which
focus only on individual or groups of materials (e.g. CO2, iron).
Minx et al. (2011) refers that some analyses aim at establishing a comprehensive material
balance as for example in cases studies for Vienna (Hendriks et al., 2000), Hong Kong
(Warren-Rhodes and Koenig, 2001) Limerick City Region (Browne et al., 2009) or Lisbon
(Niza et al., 2009), while in some cases authors focus on specific metabolic flows such as
water flows (Jenerette et al., 2006; Hubacek et al., 2009), construction materials (Huang
and Hsu, 2003) or food consumption (Barles, 2007).
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Minx et al. (2011) made the following conclusions about available MFA and SFA studies:
− They  focus  on  a  single  city  or  region  at  a  single  point  in  time,  due  to  data
availability and work intensity.
− They usually define the city's administrative borders as their spatial boundaries and
no further spatial granularity was available. 
− Water,  energy,  waste and air  emissions  are the metabolic flows most frequently
considered. 
− Comparability  between  studies  is  usually  low,  due  to  differences  in  data
foundations and research methodology. Although there are some common findings,
such as linear metabolism of cities (rather than cyclic) and dependence of cities on
their hinterland (material imports outweigh exports by far).
− Most studies account only for direct imports and exports and not for the metabolic
flows required upstream (indirect flows are not considered).
Niza et al. (2009) described an application of MFA to analyze the urban metabolism of
Lisbon  in  the  year  2004.  One  proposal  of  this  study was  to  overcome  the  lack  of  a
methodological framework for MFA studies on a urban scale. Due to the lack of available
city-scale information, solutions need to include downscaling of national or regional data
with estimations based on sales, inhabitants, commuters, workers or produced waste. The
number of workers was used as the downscaling factor by Niza et al. (2009). The authors
listed past studies that focused either in the flow of one specific substance or in the flow of
the most important products and materials, stating that these studies do not explain the
complete system. They stated also that a main constraint of MFA studies is the difficulty to
identify the  amounts  of  products  crossing the city borders  to  be  consumed elsewhere.
Domestic  extraction and  local  industrial  production were  observed  to  be  residual  with
respect to urban material flows, which means that except for construction raw materials
(such  as  sand  and  gravel)  Lisbon  mainly consumed final  products  and  the  exports  of
materials  derived  from  the  city  were  considered  to  be  residual.  The  assessment  of
uncertainty was done by comparing the methodological extrapolation results against data
available  at  a  city  level  for  gasoline,  which  gave  5%  difference.  The  total  material
consumption was found to be 11,223,000 tonnes (t) and the total outputs were 2,149,000 t.
The inputs and outputs composition is described in Table 2.2.1. Water was not considered
in the material flow.
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Table 2.2.1. Lisbon total material flows in 2004 (adapted from Niza et al. (2009))
Nonmetallic minerals were the largest share of inputs (65%), which were mainly materials
for  the  construction  industry.  The  second  largest  input  was  biomass  from  agriculture
(13%), followed by fossil fuels (11%). The main outputs were fossil fuel  air emissions
(57%). Nonmetallic mineral wastes (mainly construction and demolition waste) had the
second largest share (18%) and outputs from forestry biomass (air emissions and wastes)
were in third place (14%). The difference between inputs and outputs is the city's addition
to stock (net accumulation). The materials were divided into four categories according to
their life span: less than 1 year (e.g. food, packaging, electricity, fuels); 1 to 10 years (e.g.
toys, computers); 11 to 30 years (e.g. machines, cars, home appliances); and more than 30
years (e.g. buildings or communication infrastructures). Comparing with national averages
the study found very close values for the consumption of biomass and fossil fuels, but for
minerals and non-specified materials Portugal average was much lower (25.2 kg/cap/day).
This was justified with the higher economic and construction industry activity in Lisbon.
The results were also compared with a study of Greater London for the year 2000 (BFF,
2002). Only the results for fossil fuels were close, while the values found in London for
total biomass were less than half (4.5 kg/cap/day), for nonmetallic minerals were less than
one-third  (10.7  kg/cap/day)  and  for  metallic  minerals  were  less  than  one-fifth  (0.36
kg/cap/day). The reason given for that differences was the methodology used in the Greater
London study, with a downscaling from the national values based on the amount of waste
produced (undetected waste flows could cause underestimation of  the actual  amounts).
Another reason given for the difference in nonmetallic minerals amounts was the structure
of investment in the construction sector. The United Kingdom invested around 40% of the
total  construction  investments  in  rehabilitation,  while  Portugal  invested  6%  in
rehabilitation.  United Kingdom reused or recycled around 45% of the construction and
demolition waste (C&DW) and Portugal reused or recycled less than 5% of the C&DW.
Hájek et al. (2009) described the material and energy flow in a small municipality called
Přeštice (Czech Republic) with 6,607 inhabitants. They used data of the years 2005, 2006
and 2007,  but  energy inputs  were  given  only in  monetary values.  All  the  information
presented in physical units for the year 2007 is shown in Table 2.2.2.
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Material category
Inputs Outputs (wastes and emissions)
1,000 tonnes kg/cap/day % 1,000 tonnes kg/cap/day %
Biomass (agriculture) 1,499 7.33 13% 0.65 6%
Biomass (forestry) 540 2.64 5% 300 1.47 14%
Biomass (fishery) 11 0.05 0% 0 0.00 0%
Fossil fuels 1,190 5.82 11% 5.96 57%
Metallic minerals 434 2.12 4% 14 0.07 1%
Nonmetallic minerals 7,261 35.52 65% 380 1.86 18%
Nonspecified 289 1.41 3% 105 0.51 5%
Total 11,223 54.91 - 2,149 10.51 -
132a
1219b
a
 Includes wastewater solid fraction
b
 Includes air emissions from fossil fuel combustion
Table  2.2.2.  Material  inputs  and outputs  of  the Přeštice municipality in  the  year  2007
(adapted from Hájek et al. (2009))
Unfortunately  much  of  the  information  presented  by Hájek  et  al.  (2009)  was  only  in
monetary units  and CO2 emissions were not included. The only input data available in
physical  units  was  water.  The  total  output  of  wastewater  was  given,  as  well  as  its
Biochemical  Oxygen  Demand  (BOD)  and  the  total  phosphorus  content  (P total).  Air
emissions and solid waste were also included.
A MFA study of Budapest (Hungary) was presented by Pomázi and Szabó (2009). They
described the temporal variation (1955-2005) of material inputs and outputs of the city.
The results of material inputs obtained can be seen in Figure 2.2.1.
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Materials Inputs / Outputs
Water invoiced (m³) 206,000
Wastewater (m³) 425,516
BOD – wastewater inflow (t/year) 153.20
BOD – wastewater discharge (t/year) 0.80
P total – wastewater inflow (t/year) 2.40
P total – wastewater discharge (t/year) 0.28
Air emissions (t/year)
Solid pollutants 2.23
3.96
Nitrogen oxides (NOx) 2.90
Carbon monoxide (CO) 36.74
Organic substances 31.08
Waste (t/year) 1,995
Paper and cardboard 172.0
Glass 104.2
Plastics 84.9
Biologically degradable waste 20.7
Hazardous waste 9.9
Mixed municipal waste 1,275.1
Bulk waste 306.0
Sulphur dioxide (SO2)
Figure 2.2.1. Temporal variation of materials input in Budapest from 1955 to 2005 (Pomázi
and Szabó, 2009).
Three periods significantly different were observed during communism, in the transition of
government type and during capitalism. According to Pomázi and Szabó (2009), material
outputs followed the same trend, but with a 5 years anticipation shift and with volumes a
bit higher. The reasons for this anticipation shift and for the higher volumes of outputs
were not given. As water was included, most of the material inputs and outputs presented
correspond to water and wastewater flows. From the total material inputs per capita of
114.5 t in 1965, only 0.88 t were not water. In 2005, the per capita input was reduced to 88
t and the non-water per capita input increased to 1.8 t. So, the decrease on material inputs
and outputs observed during capitalism was mainly due to policies for water saving (e.g.
charges for water consumption).
Femia and Falcitelli (2009) analyzed the MFA of Palermo (Italy). They stated that for the
studied  city  and  for  all  highly  hydrocarbon-intensive  socioeconomic  systems  the
atmosphere is the main sink (air emissions prevail in comparison to others). Water was not
taken into account. Figure 2.2.2 presents their results of material inputs per capita from the
year 1995 to 2005 and in comparison with the Italian average.
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Figure 2.2.2. Total Material Consumption (TMC) per capita, in Palermo and Italy, from
1995 to 2005 (Femia and Falcitelli, 2009).
The material inputs found for Palermo in the year 2005 were around 27.5 t per capita,
including indirect flows. With exception of two peaks in the years 1997 and 1999, all other
values were within the range 20 – 30 t per capita. The composition of material inputs and
outputs is shown in Figure 2.2.3.
Figure 2.2.3.  Composition of material  inputs and outputs  for  Italy (1997) and Palermo
(2000 and 2005) (Femia and Falcitelli, 2009).
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The domestic extraction of minerals prevailed in the inputs of Palermo in 2005 with almost
60% of the total inputs. Domestic extraction of biomass accounted for around 5% of the
inputs and imports accounted for 20%. The other 15% of inputs were balancing items,
which are the flows that must be included in the balance in order to have it balanced, but
are not relevant in an ecological perspective (e.g. oxygen taken from the atmosphere and
water vapor emitted). On the outputs side, the composition was 55% of net addition to
stocks, 15% of exports, 3% of accumulation of wastes in landfills, 17% of outflows to
nature and 10% of balancing items.
Fragkou et al. (2010) used the MFA methodology to analyze the municipal solid waste
(MSW) system of several municipalities in the wider Barcelona area. A new indicator of
MSW  management  self-sufficiency  was  then  proposed  and  compared  for  the  studied
municipalities.
Fikar and Havránek (2009) presented a study on the energy metabolism of the Prague city,
which could be considered a SFA of energy. Although, in fact they only listed the direct
inputs of fuel in 2005: 16 gigajoules  (GJ) per capita of electricity, 35 GJ per capita of
natural gas and 12 GJ per capita of heat. Indirect flows and outputs were not considered.
2.3. Life Cycle Assessment (LCA)
LCA is  the  compilation  and  evaluation  of  inputs,  outputs  and  environmental  impacts
associated with a product or system through its whole life cycle, from cradle to grave (ISO,
2006a).
LCA can be classified as “classical product/process models” or “economic input-output
models”  (Hertwich,  2005).  McKenzie  and  Durango-Cohen (2010)  described  these  two
models  and  their  pros  and  cons  in  detail.  Process  models  are  the ones  relying  on the
detailed description of activities involved, their physical transfers (mass, heat and energy)
and their chemical reactions. Economic input-output (IO) models do not map the processes
in detail. They specify direct requirements (a “bill of materials”) of a product, expressed in
monetary value, and link this directly to environmental impacts of each economic sector
(e.g. transportation, construction, etc). 
According to McKenzie  and Durango-Cohen (2010), the main  disadvantages of process
models  are  that  they demand  more  time  and  resources,  the  comparability  of  different
studies  may  be  limited  due  to  variations  in  the  methodology  and  sources  used  and
significant errors may be introduced by the scope definition of artificial boundaries on the
supply chain of the product being analyzed. One of the main criticisms against economic
IO models is that monetary values are not a good representation of physical processes and
their environmental repercussions. Another disadvantage is the use of national averaged
discharges and impacts per economic sector on the factors estimation, since these averages
could be very different from local values. Another type of model described by McKenzie
and  Durango-Cohen (2010)  is  the  hybrid  LCA,  which  incorporate  elements  from both
process and economic IO models.
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LCA  may  also  be  classified  as  attributional,  decisional  and  consequential  models
(Frischknecht  and  Stucki,  2010).  Attributional  models  do  not  take  into  account  future
changes that a market can have as a consequence of the decision modeled with the LCA.
They are usually applied and advised to environmental  reporting and other  descriptive
LCAs and where the decision being analyzed has a small-scale influence on the target
market.  For decision support  where the influence on the market  is  more relevant,  it  is
advised to use a decisional  or a consequential  model,  since both take into account the
future  changes  and  trends  that  will  follow  the  decision.  Decisional  models  take  into
account  only  contractual  relationships  related  to  a  decision  and  their  impacts,  while
consequential models intend to analyze the future market behavior in all of its complexity.
A good example of their difference is when a huge industry decides to buy only green
electricity. The consequential model would analyze if the supplier will be able to increase
its green electricity production or if it will only stop selling to smaller companies. If the
later is  the case,  the smaller companies will need to look for electricity in the market,
which could be from fossil fuels. So, the consequential analysis would be able to show that
the decision of the huge company was not really effective. With the decisional analysis the
decision of buying green electricity could have a contract with the supplier stating that this
energy would be supplied and the positive effect to the environment would seem to be
much  better.  Decisional  models  are  advised  in  most  company  level  decisions  and
consequential  models  are  needed  for  policy  making  by  national,  regional  or  global
governmental bodies (large impacts on the economy).
LCA is even expanding itself to other areas (besides the environment), like the social LCA,
which analyzes companies and even countries social performance. It  has been seen that
those factors have a significant influence on consumer's decision-making process (Ekvall,
2011).
There  are  already  ISO standards  defining  procedures  to  do  a  LCA in  businesses  and
organizations:  ISO  14040:2006  (LCA principles  and  framework)  and  ISO 14044:2006
(LCA requirements and guidelines) (ISO, 2006a,b). ISO 14040:2006 defines four steps to
carry a LCA study: goal and scope definition, inventory analysis, impact assessment and
interpretation (which interacts with all other steps). In the goal and scope definition phase
it should be clearly stated the intended application, the reasons for doing the study, the
target public, the system to be analyzed and its functions, the functional unity (a common
unity to correlate all materials and impacts, which could be one kilowatt-hour (kWh), one
m², one kg or one purchase/sale of a certain product), processes included in the system
analysis,  methodology and  impacts  that  will  be  used  in  the  impact  assessment  phase,
needed data and its quality, among others. The inventory analysis is the step that involves
compilation  and  quantification  of  inputs  and  outputs.  All  the  evaluation  of  potential
environmental impacts is done in the impact assessment phase using the inputs and outputs
gathered  in  the  inventory  analysis  phase.  The  impact  assessment  phase  includes
classification  of  the  inventoried  data  per  impact  category  and  characterization  of  the
amount of potential impact for each category. It may also include normalization, grouping
and  weighting  of  the  results  of  all  categories  into  a  single  overall  impact  value.  The
interpretation  phase  combines  all  results  from  the  inventory  analysis  and  impact
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assessment  phase  to  check  the  fulfillment  of  the  goal  and  scope  phase  and  to  get  to
conclusions and recommendations.
Many methodologies, software products and databases have been developed aiming to help
the inventory analysis and the impact assessment phases of a LCA. For example, ReCiPe
2008 (Goedkoop et al., 2009) is an impact assessment methodology developed to conciliate
the method  CML 2002 (Guinée et  al.,  2002),  which had a midpoint  approach, and the
method  Eco-indicator  99  (Goedkoop  and  Spriensma,  1999),  which  had  an  endpoint
approach.  Goedkoop  et  al.  (2009)  described  the  midpoint  approach  as  the  one  where
category indicators were assigned at a midpoint level (e.g. global warming, measured by
CO2 equivalent  emissions –  CO2-eq.).  In  the endpoint  approach the category indicators
were at an endpoint level (e.g. damage to human health, measured by disability-adjusted
loss of life years). ReCiPe defined both midpoint and endpoint category indicators and
developed factors to connect them for most of the environmental impact categories. It was
based on extensive analysis of the European reality for several years. Table 2.3.1 presents
the  list  of  midpoint  category  indicators  defined  and  Table  2.3.2 shows  the  endpoint
indicators.
Table  2.3.1.  LCA midpoint  category  indicators  considered  by  ReCiPe  2008  (Source:
Goedkoop et al. (2009))
Table  2.3.2.  LCA endpoint  category  indicators  considered  by  ReCiPe  2008  (Source:
Goedkoop et al. (2009))
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Berger and  Finkbeiner  (2011) described the following as the most frequently used LCA
indicators and methods: Primary Energy Demand (PED) and Abiotic Depletion Potential
(ADP)  for  resource  consumption;  Global  Warming  Potential  (GWP),  Eutrophication
Potential  (EP)  and  Photochemical  Ozone  Creation  Potential  (POCP)  for  pollution  of
natural resources; Ecological Scarcity Method 1997 (ESM97) and Eco-indicator 99 (EI99)
for  both  resource  consumption  and  pollution of  natural  resources  together.  Berger  and
Finkbeiner (2011) analyzed these indicators and methods for many products and found a
very strong correlation between PED, ADP and ESM97. Thus it was suggested to use only
PED, since it  is  much more  simple to  analyze.  A very weak correlation was observed
between many indicators showing that the complex environmental impacts of a product or
system cannot be represented by a single impact category. This indicates a disadvantage of
the carbon footprint approach, as it focuses only on global warming.
Many LCA studies have been carried out focusing on one essential product category or
service. By essential product or service we mean water, wastewater, electricity, heat, food,
etc. Some of these studies will be described here for the sake of a further comparison with
the results achieved in this research.
Parsons (2010) made a LCA of home heating in Australia. Eco-indicator 99 was used and it
was  found  that  gas  and  modern  wood  burners  were  the  best  available  options.  Other
options were heaters based on electricity (mainly generated by coal), open fire insert and
potbelly  stove  wood  burners.  Modern  wood  burners  were  worse  than  gas  burners
concerning carcinogens, respiratory organics, respiratory inorganics, ecotoxicity and land
use, but were better in relation to climate change, minerals and fossil fuel consumption.
Muñoz et al. (2010) investigated the average Spanish diet (including excretion) doing a
process LCA. Food production and consumption were described as one of human most
resource demanding and polluting daily activities. The average food bought in Spain was
873 kg/cap/year. From this value, 200 kg became food waste and the rest was ingested. The
main other inputs considered were 242 kg of oxygen (O2) to respiration and 15,671 kg of
tap water to the toilet. The more relevant outputs in terms of mass were 276 kg of CO2
from respiration, 222 kg of water air emissions from human ingestion and 16,093 kg of
wastewater. The Danish LCA Food database was the main source of inventory data for
each food component, along with Ecoinvent background data. It  was found that human
excretion  and  wastewater  treatment  are  not  negligible  for  eutrophication  and  global
warming,  but their  contribution to  acidification and PED are very small.  Muñoz et  al.
(2010) compared the achieved value of  2,100 kg CO2-eq./cap/year for global warming due
to food with many other  authors:  1,650 kg CO2-eq./cap/year  (Santacana et  al.,  2008 –
Spanish diet with IO approach), 420-3,800 kg CO2-eq./cap/year (Carlsson-Kanyama, 1998
–  different  diet  models)  and  2,800  kg  CO2-eq./household/year  (Kramer  et  al.,  1999  –
Netherlands diet with IO approach).  The food primary energy use was 20 GJ/cap/year,
while Carlsson-Kanyama et al. (2003) found the Swedish food PED to be in the range of
6.9–21 GJ/cap/year.
Frischknecht et al. (2010) applied an attributional and a decisional LCA for the electricity
supply mix in France and in the EU-27. Huge differences were found between the two
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types of models. The greenhouse gas (GHG) emissions of France were 98 g CO2-eq./kWh
in the attributional analysis and 225 g CO2-eq./kWh in the decisional. The European GHG
emissions  were  554  and  473  g  CO2-eq./kWh,  respectively  for  the  attributional  and
decisional analysis. In contrast, the volumes of high radioactive waste generated by France
were much higher  than the EU-27 average:  11 and 3.5 mm³/kWh for  the attributional
mixes and 3.8 and 0.034 mm³/kWh for the decisional mixes.
Foidart et al. (2010) analyzed the environmental impacts of the electricity mix in Spain and
Belgium,  including  activities  such  as  the  raw  materials  extraction,  transportation  and
processing and the infrastructure construction and decommissioning. Data from the year
2005 were used and scenarios for the near future (2020 and 2030) were also analyzed.
Their results for the year 2005 are shown in Table 2.3.3.
Table 2.3.3. Characterization results for the electricity mix of Spain and Belgium in 2005
(adapted from Foidart et al. (2010))
It can be seen that the Spanish electricity mix had higher environmental impacts during
2005 for all considered impact categories. However, according to Foidart et al. (2010), this
situation is expected to change for the future scenarios analyzed. The Spanish electricity
shall have a high increase on the renewable share, thus reducing its impacts. Meanwhile
the Belgium electricity will also increase renewables, but it will demand a high increase on
fossil fuels to achieve the government decision to replace all nuclear energy.
Lassaux et al. (2007) made a LCA of the whole anthropogenic water cycle of the Walloon
region (Belgium) using the year 2000 as a baseline. The processes analyzed were the water
catchment (from ground and surface waters), treatment, supply, sewer system, collective
and individual wastewater treatment plant, wastewater sludge treatment and wastewater
discharge (with and without treatment). Infrastructure construction (buildings and pipes)
was also considered in a simplified way, as well as the impacts and benefits of the sludge
utilization in agriculture. Impact assessment of water resource depletion was not taken into
account. The functional unit used was one m³ of tap water, which corresponded to 1.42 m³
water supply and to 0.78 m³ of wastewater. The average electricity consumption estimated
for the catchment, treatment and supply was 0.39 kWh/m³ averaged for the 208 million m³
of  water  supply.  The sewer  system was  considered  to  be  completely gravity-powered.
Eleven types of wastewater treatment plants (WWTPs) were analyzed. The WWTPs with a
capacity of more than 50,000 person equivalent (pe) treating nitrogen (N) and/or P had the
highest  share  of  treated  volume  (20%)  and  used  0.31  kWh/m³,  3x10-3 kg/m³  of  iron
chloride, 5x10-4 kg/m³ of polymers and 3x10-6 kg/m³ of lime. The average water quality
output of this WWTP type was as follows: 48 mg/L Chemical Oxygen Demand (COD), 1.1
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Impact Category Unit
Abiotic Depletion kg Sb eq 2.18E-03 4.05E-03 18.4 25.1
Acidification kg SO2 eq 1.00E-03 4.93E-03 8.4 30.6
Eutrophication kg PO4- eq 9.37E-05 2.48E-04 0.8 1.5
Global Warming (GWP) kg CO2 eq 3.20E-01 5.42E-01 2,700 3,360
Ozone Layer Depletion (ODP) kg CFC-11 eq 2.08E-08 2.98E-08 0.0002 0.0002
Human Toxicity kg 1,4-DB eq 6.56E-02 9.38E-02 554 581
Photochemical Oxidation kg C2H4 4.17E-05 1.83E-04 0.35 1.13
* The per capita values given by Foidart et al. (2010) were only for GWP. Other per capita values were roughly estimated.
Belgium 
(per Kwh)
Spain 
(per Kwh)
Belgium 
(per capita)*
Spain 
(per capita)*
mg/L N-NH4 (ammonium), 5.9 mg/L N-NO3 (nitrates) and 1.6 mg/L P-PO4 (phosphates).
Apart from the baseline (2000), four scenarios were created: one with a small increase in
the treated wastewater share (2004), one with nearly all wastewater being treated (2015),
one without any treatment (without WWTP) and one with the treated wastewater of the
baseline  being all  directed  to  a  collective  WWTP with  more  than  50,000  pe  capacity
treating N and P (50,000 IE N/P). The results were presented for each impact category
using Eco-Indicator 99 normalization profiles (Figure 2.3.1).
Figure 2.3.1.  Water LCA results  (normalization profiles) per one m³ tap water for five
scenarios (Lassaux et al., 2007).
According to Lassaux et al. (2007) the stage “water discharge” was the most relevant one
because it contained P release in rivers and eutrophication was the major impact of the
cycle while weighting. The scenario 2015 (all wastewater being treated) was the best one
for eutrophication, but the worst one for nearly all other impact categories. The high values
for respiratory effects (inorganics) were mainly related to the sewage system construction,
but it was not clearly stated if the tubes long-lasting lifetime was considered and how many
years of duration were used. It  was stated that improvements should be focused on the
stages after the tap, since they had a much higher relevance on the global impacts. The
main uncertainties pointed out were related to the data quality of the building phase and to
the lack of data on heavy metals content of the wastewater.
Hospido et al. (2008) compared four types of WWTPs using LCA. Only the processes after
receiving the wastewater  in the treatment plants  were considered (including the sludge
treatment and utilization). The impacts of eutrophication were mainly due to N-NH4 and P
(COD and N-NO3 had much smaller contributions). The amount of emissions of these two
substances depended on the presence of secondary treatment, on the presence of specific
processes  to  remove  N and  P and  on  the  over-dimensioning  of  the  WWTP (avoiding
discharges  of  partially  treated  flows).  Ozone  depletion  was  most  dependent  on  the
chemicals  used  for  the  dewatering  system  (lime  and  iron  chloride),  but  also  on  the
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electricity production. In the global warming category CO2-eq. emissions varied from 11.1
kg to 30 kg per person equivalent (pe), the main contributors being CO2 emissions from
electricity  production  and  methane  (CH4)  emissions  from the  application  of  sludge  in
agricultural  soil.  The use  of  electricity ranged  from 13.2 kWh/pe to  36.6 kWh/pe  and
emissions of the electricity production plant were the main cause of acidification. Photo-
oxidants formation was also governed by electricity use and the highest  value for  this
category was 12 g of ethane equivalents per pe. Use of chemicals on the treatment and
avoided use of fertilizers due to sludge application in agriculture competed to make the
values of the impact category abiotic resources depletion positive or negative. In two plants
the benefit of avoided fertilizers was bigger and these WWTPs had a negative impact (i.e.
they did not cause impact, but benefits for the environment in this category). Terrestrial
Ecotoxicity was dominated by the heavy metal content of sludge applied in agricultural
soils. The amount of sludge produced ranged between 2.46 and 44.8 kg/pe and it depends
on the presence of secondary treatment (increases sludge and reduces the organic matter
content  of  the  wastewater)  and  of  anaerobic  digestion (decreases  sludge and  produces
biogas). It was observed that WWTPs cannot be considered as a separate phenomenon and
that  for some issues it  is  important  to analyze the whole system material  flow (e.g.  to
reduce the heavy metal content on wastewater it might be needed to minimize the inflow of
heavy metals in the society in order to reduce diffuse sources). 
Recognizing the importance to reduce the cities overall environmental impacts, Oliver-Solà
et al. (2011) proposed a GWP-chart to help urban planners to account for the impact of
GHG when designing a city infrastructure. The idea was to use the LCA methodology to
calculate the GWP associated with the construction of one m² of a specific infrastructure.
This may allow the comparison of different construction techniques and materials, as well
as different urban infrastructure arrangements. As a test case, the GWP-chart was applied
for concrete sidewalks in Europe. 
Another study focused on the impacts of city's  infrastructures and services is given by
Oliver-Solà  et  al.  (2009),  which made a LCA of  two different  natural  gas  distribution
systems (underground networks and discontinuous system based on propane tanks).
2.4. Input-Output Analysis
Although some authors consider IO analysis to be a specific type of LCA it was decided to
describe this methodology more in detail in a separate section. 
IO  analysis  is  a  macroeconomic  technique  that  uses  data  on  inter-industrial  monetary
transactions  to  account  for  the  complex  interdependencies  of  industries  in  modern
economies (Rosado and Ferrão, 2009). It was introduced by Leontief (1936), and has been
applied to numerous economic and environmental issues.
According to Rosado and Ferrão (2009) the IO analysis can be applied easily to all sectors
and they briefly describe the equations needed for that application. However, the number
of sectors of a national IO table is usually limited. So product-specific impacts cannot be
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considered.  Hybrid  methods  (process  LCA + IO  analysis)  use  the  advantages  of  both
methods, so that process LCA calculates the impacts of more relevant products (e.g. energy
intensive  products  for  an  analysis  focused  on  energy)  and  IO  analysis  calculates  the
impacts of other products. 
Rosado  and  Ferrão  (2009)  listed  the  following  as  the  main  sources  of  uncertainty
associated with IO analysis: 
− Data sampling and reporting errors.
− Assumption in single-region IO models that foreign industries are homogenous and
have the same factors of impact as domestic industries. Multi-region IO models are
already under development.
− Proportionality between monetary and physical flows.
− Aggregation of data over different producers and over different products supplied
by one industry.
− “Gate-to-grave” component of the LCA is not considered properly.
Rosado and Ferrão (2009) used an environmentally adapted IO approach to analyze the
embodied energy in household goods of Lisbon. In fact they showed some results of CO2
emissions  as  well.  They  used  the  Portuguese  1999  economic  IO  table  from  the
Organization  for  Economic  Co-operation and  Development  (OECD) both  for  domestic
production and for imports. Final energy consumption by sector was obtained from the
Eurostat  2002 Energy Balance.  Using the IO table values  and the Energy Balance per
sector, energy coefficients in tonne of oil equivalent (toe) per euro were achieved for each
economic sector. Then, the local consumption of Lisbon was obtained by the combination
of a set of statistic data, such as the household budget per family type in the Lisbon region
(describing a list of products and services consumed), the per capita purchasing power of
the city and the number of families per family type. Even a higher spatial resolution would
be possible to obtain, if the number of families per family type of each of the 53 parish
subdivisions was considered. The embodied energy in products was estimated to be 56% of
the total energy used in households. Transportation was not taken into account. This means
that it  was higher than all the traditional energies used in households together, such as
electricity  and  natural  gas.  Thus,  more  attention  should  be  given  to  this  share  of  the
household's  energy  consumption.  Table  2.4.1 lists  the  household  embodied  energy
consumption of each sector considered.
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Table 2.4.1.  Lisbon households embodied energy consumption by sector (adapted from
Rosado and Ferrão (2009))
The  embodied  energy  on  the  sector  “food  products,  beverages  and  tobacco”  was  the
highest  one  for  the  considered  products.  Four  other  sectors  had  also  a  relatively high
embodied energy: “other non-metallic mineral products”, “textiles, textile products, leather
and footwear”,  “pulp,  paper,  paper products,  printing and publishing” and “chemicals”.
These five sectors mentioned accounted for nearly 97% of the total embodied energy of
products. 
2.5. Carbon footprint
Carbon footprinting has  not  been driven  by research but  rather  has  been promoted  by
nongovernmental organizations (NGOs), companies, and various private initiatives, which
resulted in many definitions and suggestions as  to how the carbon footprint  should be
calculated (Weidema et al., 2008). While some authors suggest the consideration of  CO2
emissions only, most definitions currently include noncarbon emissions and use  CO2-eq.
indicator instead. Thus, the carbon footprint is very similar to the GWP indicator used in
LCA.
According to  Weidema et  al.  (2008) carbon footprint  has  a  broader  appeal  than  LCA,
keeping things simple and it  is  easy to calculate even in on-line websites, being these
reasons why it has got so much public attention recently. Relying in only one indicator can
be misleading and environmental problem shifting can occur due to this oversimplification.
But  the  complexity  and  difficulty  to  communicate  and  to  make  clear  decisions  are
backdrops of the LCA. The authors stated that it might be better to have an indicator that
goes in the right direction 80% of the time than to have no environmental indicator, since
energy-related emissions are one of the most relevant factors for the overall impact of most
products. Another advantage of carbon footprint pointed out was the increase of consumer
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Economic sectors
Food products, beverages and tobacco 77,090 0.139
Textiles, textile products, leather and footwear 27,445 0.049
Wood and products of wood and cork 114 0.000
Pulp, paper, paper products, printing and publishing 27,219 0.049
Chemicals 17,075 0.031
Other non-metallic mineral products 30,133 0.054
Fabricated metal products, except machinery & equipment 976 0.002
Machinery & equipment, nec 409 0.001
Office, accounting & computing machinery 2 0.000
Electrical machinery & apparatus, nec 59 0.000
Radio, television & communication equipment 178 0.000
Medical, precision & optical instruments 104 0.000
Motor vehicles, trailers & semi-trailers 2,008 0.004
Manufacturing nec (include furniture) 1,504 0.003
Total 184,316 0.332
* in products only.
Embodied* energy 
(toe)
Embodied energy per 
capita (toe/cap/year)**
** Lisbon population was not used in the study, since it used number of families in the methodology.
So a population of 554,956 inhabitants was used (INE, 2011) after direct communication with the author.
awareness  and  of  discussions  on  the  environmental  impacts  of  products,  which  can
enhance life cycle thinking and also LCA demand. 
Brookings  Institution  (2008)  released  a  report  about  the  carbon  footprint  (considering
transportation and residential carbon emissions) of the 100 largest U.S. metropolitan areas.
It states that 84% of U.S. GHG emissions in 2005 were of CO2 and they referred to CO2
emissions when using the terms “carbon footprint” or “carbon emissions” (not to CO2-eq.).
The CO2 emissions in the U.S. came mainly from residential and commercial buildings
(39%), followed by transportation (33%) and the industry (28%). For the transportation
sector, the study has got information on a city level using traffic count data and converting
it into fuel consumption and emissions. For city level information on residential buildings
emissions, the average electricity consumption per residential customer was multiplied by
the number of households in the metropolitan area and this estimation was transformed
into  CO2 emissions  using  statewide  averages  of  the  carbon  content  of  electricity
generation. Other fuels consumed in houses (natural gas, oil, wood, etc) were also taken
into  account.  The  average  carbon  footprint  of  metropolitan  areas  in  2005  was  2.24
t/cap/year, which is lower than U.S. average of 2.6 t/cap/year. The highest emissions were
3.46 t/cap/year in Lexington and the lowest emissions were 1.36 t/cap/year in Honolulu. It
was observed that generally dense metropolitan areas have the smallest per capita carbon
footprint and low-density areas have the highest. The transportation CO2 emissions varied
from a maximum of 2.19 t/cap/year in Bakersfield to a minimum of 0.825 t/cap/year in
New York.  The maximum CO2 emissions  from residential  use were  1.96 t/cap/year  in
Washington and the minimum were 0.35 t/cap/year in Bakersfield.
Kennedy et  al.  (2009)  analyzed  GHG emissions  for  ten  global  cities.  Only the  direct
emissions were considered, but emissions occurring outside the city borders for electricity
production and for waste processing were also included. Figure 2.5.1 presents the results
obtained.
Figure 2.5.1. Direct GHG emissions from studies of ten global cities estimated for different
years, in t of CO2-eq. per capita per year (Kennedy et al., 2009).
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According to Kennedy et al. (2009) GHG emissions associated with electricity were within
the narrow range of 2.46 and 3.38 t  CO2-eq./cap/year for seven of the ten cities, being
Geneva and Barcelona exceptions  with lower emissions  and Denver an exception with
higher  emissions.  The  greatest  consumption  of  fuels  for  heating  and  industry  was  in
Denver  (73.5  GJ/cap/year),  followed  by  Toronto  (58.9  GJ/cap/year),  and  the  lowest
consumptions were in Cape Town and Barcelona (less than 16 GJ/cap/year).  Emissions
from  industrial  processes  such  as  cement  manufacture  were  determined  only  for  Los
Angeles,  Prague and  Toronto.  For  ground transportation Denver had  the  highest  GHG
emissions (6.31 t CO2-eq/cap/year) and Barcelona had the lowest (0.77 t CO2-eq./cap/year).
The ground transportation emissions  were  calculated  based  on fuel  sales  data,  vehicle
kilometers traveled and by downscaling from regional level and a difference of less than
5% was found in these approaches. The highest emissions related to air transportation were
from London (3.12 t  CO2-eq/cap/year).  For marine transportation the highest  emissions
were from Cape Town (2.92 t  CO2-eq/cap/year). GHG emissions coming from methane
generation in landfills were higher in Cape Town and Bangkok (over 1 t CO2-eq./cap/year),
because for the other eight cities a recovery of 75% of methane for energy production was
considered. The total GHG emissions range between 4.2 t  CO2-eq/cap/year (Barcelona)
and 21.5 t CO2-eq/cap/year (Denver).
Kennedy et al. (2009) stated that it is logical to consider emissions caused by the demand
of cities for electricity and its waste generation even if they occur outside the city. These
emissions outside the city borders (consumption-based) accounted for up to 55% of the
total end-use emissions for some cities. According to these authors, if emissions are to be
attributed  to  cities  based  on  consumption  activities,  however,  then  a  fuller  life  cycle
perspective should be taken. Beyond the GHGs emitted during the combustion of fossil
fuels,  for  example,  there  are  emissions  produced  from  the  extraction,  processing  and
transportation  of  these  fuels  to  cities.  Only  adding  the  life  cycle  emissions  of  fuel
production, Kennedy et al. (2009) showed an increase of between 7% and 24% on the
emissions of the cities studied.
Ramaswami et al. (2008) also tried to expand the inventory of GHG emissions of cities by
using a life cycle perspective. The city of Denver (U.S.) was analyzed for the year 2005
and the direct emissions (within city borders and those related to electricity consumption)
were added by indirect  emissions coming from air transportation (even though the city
does not have an airport within its limits it demands a high share of the flights from the
closest airport) and coming from key urban materials (food, water, fuel and cement). To
include indirect emissions the methodologies used were MFA followed by LCA (to get
emission factors per unit of material flow for the whole life cycle) for most products, with
exception of food for which IO analysis was used (due to the complexity of this product
category). The per capita value achieved was 25.5 t CO2-eq./cap/year, a value much higher
than  the  direct  emissions  of  the  city  (18.9  t  CO2-eq./cap/year)  and  closer  to  the  U.S.
average (24.5 t CO2-eq./cap/year). Table 2.5.1 shows the results obtained per sector.
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Table  2.5.1.  GHG  emissions  of  Denver  per  sector,  for  the  year  2005  (adapted  from
Ramaswami et al. (2008)) 
Air  transport  accounted  for  around  6%  of  the  total  GHG  emissions,  fuel  production
accounted  for  7%,  cement  alone  accounted  for  2%  and  food  accounted  for  9%.  The
methodology used by Ramaswami et al. (2008) was not completely consumption-based,
since it accounted for direct emissions of industrial electricity demand (which is related to
production and not consumption) and it included the consumption only of a few materials.
2.6. Ecological footprint (EF)
EF is  a  composite  land  index  defined  as  the  total  area  of  productive  land  and  water
required to continuously produce all the resources and assimilate all the wastes produced
by consumption activities of a defined population (Minx et al., 2011).
Minx et al. (2011) described the following characteristics of EF studies:
− They are very popular over the last years, appearing in several studies.
− One advantage  of  EF  studies  in  comparison  with  MFA studies  is  that  indirect
environmental pressures generated higher up in the supply chain are accounted.
− They  focus  only  on  energy  content  of  material  inputs  and  associated  CO2
emissions, not taking other metabolic flows into account. 
− Life cycle inventory databases are used to derive conversion factors for the goods
and services consumed in the city.
− Suffers from similar problems of MFA, such as data availability at local level, time
demanded to construct material balances (work intensity) and low comparability of
results due to differences in estimation methodologies and data foundations.
− A hypothetical land is converted into energy and this conversion is always arbitrary.
− EF is suited for environmental  communication purposes (easy to understand the
environmental pressure), but it is not adequate for policy making.
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Sector %
Buildings electricity use 9.1 36% 25.0
Buildings natural gas use 4.0 16% 10.9
Road transport 6.0 24% 16.5
Air transport 1.6 6% 4.3
Fuel production 1.9 7% 5.2
Cement use 0.5 2% 1.4
Food purchases 2.4 9% 6.6
Total 25.5 - 69.9
GHG emissions 
(t CO2-eq. / person / year)
GHG emissions 
(kg CO2-eq. / person / day)
Minx et al. (2011) refer that recently authors have started estimating EFs in generalized IO
models  (Bicknell  et  al.  1998;  McDonald  and  Patterson  2004;  Wiedmann  et  al.  2006;
Carballo Penela and Sebastián Villasante 2008) and that these models allow a consistent
assignment of EFs to final consumption activities and therefore more comparable studies. 
Farreny et al. (2009) applied the EF methodology to analyze a retail park in Barcelona.
They observed that the service sector is not so often studied as the industrial, transportation
and  residential  sectors,  though  it  sometimes  accounts  for  the  majority  of  the  Gross
Domestic Product (GDP). The EF was estimated as the area of reforestation needed to
absorb carbon emissions,  since it  is  the most common method to  determine the EF of
energy consumption (Wackernagel and Monfreda, 2004). Farreny et al. (2009) introduced
two variations on the EF methodology proposed by  Wackernagel and Rees (1996) and
Wackernagel and Monfreda (2004):
− Use of local forest carbon absorption ratios instead of using the carbon absorption
potential of world average forests.
− Consideration of CO2-eq. emissions instead of only CO2 emissions, by applying the
GWP factors to other GHG emissions.
According to Farreny et al. (2009), considering customer's transportation and disregarding
the products supply chain impacts, one purchase in the studied retail park would use 1.6 kg
of oil equivalent (koe), which would emit 9.3 kg of CO2-eq. The EF, or the area needed to
compensate this environmental impact, would be 18 m². The annual EF of the whole retail
park is 8,123 ha (271 times its surface area). The contribution of the weekly purchase (52
purchases) in this retail park to a citizen's CO2-eq. emissions rucksack amounted to 1.6%
of  this  citizen's  annual  emissions.  The  CO2-eq.  emissions  rucksack  was  calculated  by
dividing the total CO2-eq. emissions of Spain by the national population.
2.7. Sustainability Indexes
The Urban China Initiative (2010) reported the application of the “Urban Sustainability
Index” as a tool to measure and compare 112 China's cities. The index can be applied to
other developing economies as well. Past sustainability indexes for city scale do not take
into  account  the  lack  of  data  found  in  emerging  markets.  The  report  lists  four  past
sustainability studies: Siemens European Green Cities Index, World Bank’s Global City
Indicators,  UN  Sustainable  Development  Index  (national  level)  and  OECD’s
Environmental Performance Review (national level). The rapid urban population growth
from about 600 million in 2008 to more than 1 billion estimated for 2030 and its associated
social and environmental impacts was one reason to develop this index for China. The
index  comprises  indicators  related  to  basic  needs  (e.g.  water  access  rate,  doctors  per
capita),  resource  efficiency  (e.g.  electricity  consumption  per  GDP),  environmental
cleanliness  (e.g.  concentration  of  air  pollutants,  wastewater  treatment  rate),  built
environment (e.g. public green space per capita) and commitment to future sustainability
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(number of environmental professionals per capita). The average of water consumption in
2008  for  the  analyzed  cities  was  32,500  L/cap/year.  The  top  20%  consumed  16,000
L/cap/year  and  the  bottom  20%  consumed  47,000  L/cap/year.  The  domestic  waste
collection was on average 288 kg/cap/year, with the top 5% of the cities collecting 486
kg/cap/year and the bottom 5% collecting 131 kg/cap/year. It was found that a significant
number of Chinese cities are being able to have above average economic growth and still
improve their social and environmental status. They are the “sustainable growers”. But it
was also observed that there was no correlation between economic growth and the overall
index results, i.e. sustainability was enhanced due to policy and leadership, rather than as a
result of economic growth. Analyzing the variations on GDP per capita and on the index
results in the period between 2005 and 2008, the cities were divided into four groups: 33
cities were considered “sustainable growers” (improved the index and the GDP per capita
increased above-average); 21 cities were “sustainable stragglers” (improved the index but
the GDP per capita grew below-average); 14 cities were “waverers” (decreased the index
slightly and the GDP per capita grew below-average); and 44 cities were “unsustainable
growers” (showed a significant decline in the index).
Siemens European Green Cities Index (2009) analyzed 30 cities from different European
countries  (the  largest  ones  in  each  country)  for  the  year  2007.  It  took  into  account
indicators related to CO2 emissions, energy, buildings, transport, water, waste and land use,
air  quality  and  environmental  governance.  Most  of  the  collected  data  was  publicly
available  and  was  obtained  from  national  statistical  offices,  local  city  authorities  and
environmental bureaus. Where data gaps existed, estimates from national averages were
used, as well  as data for other years.  One intention of the report  was to provide good
examples and ideas from the leading cities to the less sustainable ones. The first city in the
overall rank was Copenhagen. Oslo was the first in CO2 emissions: 2.2 t/cap/year, while
the 30-cities average was around 5 t/cap/year. Stockholm came first in relation to transport:
68% of its population walk or cycle to go to work, 25% use public transportation and only
7% use private vehicles. These results were obtained with many measures combined, such
as the large availability of bicycle lanes,  improvement of public transportation and tax
charges for private vehicle circulation in the city center. The two leading cities in the waste
field were Amsterdam, followed by Zurich. Amsterdam produces 487 kg/cap/year of waste.
Its success in this field is mainly due to recycling (43% of the total waste), energy recovery
(incineration  of  the  non-recyclable  waste  provides  75%  of  the  city's  electricity
consumption) and the low amount of disposal in landfills (only 1% of the total waste).
Zurich efforts were mainly on waste reduction: it produces only 406 kg/cap/year of solid
waste. Amsterdam was also the first city ranked in relation to water. Its water consumption
was 53.5 m³/cap/year, with only 3.5% water lost due to seepage. In Portugal the analyzed
city was Lisbon, which overall ranked in 18th place with a index of 57.25 out of 100. Its
CO2 emissions were in 22nd place with 7.47 t/cap/year. The energy consumption was the 3rd
lowest with 48.65 GJ/cap/year and the percentage of renewable energy consumed by the
city was the 7th highest with 9.7%. Lisbon ranked 11th for buildings with an average age of
35 years  and good energy efficiency standards.  The worst  position  of  the city was  in
relation to transport (25th place), mainly because 34% of the citizens use their own vehicle
to commute. The city's water consumption ranked 16th with 87.12 m³/cap/year, but its final
rank for water was 24th, mainly due to a leakage of almost 46%. Its share of recycled waste
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was only 7% and the waste generation was 538 kg/cap/year, becoming 22nd in the rank for
waste and land use. Due to high concentration levels of particulate matter and nitrogen
dioxide the city ranks in 24th for air quality. Thanks to environmentally sustainable action
plans, such as the 2008 Strategy for Energy and the Environment, Lisbon ranks 12th for
environmental governance.
2.8. Synthesis of studied cases
All the previously presented studies results for which a benchmark in per capita and per
day  could  be  established  are  presented  in  Table  2.8.1  for  further  comparison.  It  was
observed that, depending on the methodology used, different types of results were obtained
on the studied cases of urban metabolism. An interesting comparison between methods is
achieved by making an analogy with the human organism. It is possible to discover if a
man is healthy or not using indicators (e.g.  cholesterol  level,  blood pressure,  glycemia
level, etc), which would be comparable with the use of Sustainability Indexes for a city.
However, to be able to act trying to improve the cholesterol level for example, a man needs
to know what are the types of food and drinks that he should avoid or reduce as inputs to
his  organism.  At  first,  he  should check which food products  he  usually eats  and  their
ingredient composition (something comparable to the MFA method). Then a further step
might be needed, in which the nutritional composition of the products need to be checked
(content of total fat, saturated fat, etc). This step can be viewed as the inventory analysis
done in LCA methods (more complete for process LCA and IO analysis and only about one
organism  dysfunction  for  carbon  footprint  and  EF).  It  is  probably  desirable  that  the
unhealthy man also gets a recommendation of a daily diet defined by his nutritionist, to
keep  the  input  of  each nutrient  in  accordance  with  the  needs  of  a  healthy body.  This
recommendation can be given for a city as well, after the impact analysis of LCA methods. 
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Table 2.8.1. Synthesis of results presented on the analyzed studies, values adapted to per
capita and per day for benchmarking
28
Reference Year Methodology
Niza et al. (2009) Lisbon (Portugal) 2004
2005 SFA
Hájek et al. (2009) 2007 SFA 
2005
Palermo (Italy) 2005 Total material input: 75 kg
Muñoz et al. (2010) 2005
Foidart et al. (2010) 2005
Foidart et al. (2010) 2005
Lisbon (Portugal) 2002
2005
* Values in GJ were converted to koe using the factor 1 GJ = 0.023885 toe (IEA, 2011).
** One liter (L) of water and of wastewater was considered equal to 1 kg.
Organism / 
Process
Main results 
(adapted to a per capita 
 and per day basis)
MFA
(without water)
Total material input: 54.9 kg
Total material output: 10.5 kg
Fikar and Havránek 
(2009)
Prague (Czech 
Republic)
Electricity inputs: 1.05 koe*
Natural gas inputs: 2.29 koe*
Heat inputs: 0.79 koe*
Přeštice (Czech 
Republic)
Water inputs: 85.4 kg**
Wastewater outputs: 176.5 kg**
Waste outputs: 0.83 kg
Pomázi and Szabó 
(2009)
Budapest 
(Hungary)
MFA
(with water)
Total material input: 241 kg
Non-water inputs: 5 kg
Femia and Falcitelli 
(2009)
MFA
(without water)
Spain (average 
diet)
Process 
LCA
Food inputs: 2.4 kg
Global warming: 5.75 kg CO2-eq.
Primary energy use: 1.31 koe*
Belgium 
(electricity mix)
Process 
LCA
Global warming: 7.4 kg CO2-eq.
Human toxicity: 1.52 kg 1,4-DB eq
Acidification: 0.02 kg SO2 eq
Abiotic depletion: 0.05 kg Sb eq
Spain (electricity 
mix)
Process 
LCA
Global warming: 9.2 kg CO2-eq.
Human toxicity: 1.59 kg 1,4-DB eq
Acidification: 0.08 kg SO2 eq
Abiotic depletion: 0.07 kg Sb eq
Rosado and Ferrão 
(2009)
Economic IO 
analysis
Total embodied energy in products: 0.91 koe
“Food products, beverages and tobacco”: 0.38 
koe
“Other non-metallic mineral products”: 
0.15 koe
“Textiles, leather and footwear”: 0.14 koe
“Paper, printing and publishing”: 0.13 koe
“Chemicals”: 0.08 koe
Brookings Institution 
(2008)
U.S. (100 
metropolitan 
areas)
Carbon 
Footprint
Transportation + residential: 3.73 to 
9.48 kg CO2
Transportation: 2.26 to 6.00 kg CO2
Residential: 0.96 to 5.37 kg CO2
Table 2.8.1. Synthesis of results presented on the analyzed studies, values adapted to per
capita and per day for benchmarking (continuation)
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3. City characterization and metabolism
To get a broader picture of the environmental impacts of the studied city it was first done
an analysis of its characteristics and metabolism. The MFA was started here using local
data to estimate the inputs of energy and water. National averages of food and beverages
consumption were also considered. The MFA will be completed with the estimation of
other  products  in chapter  5 (process LCA),  with  downscaling of  national  data.  Energy
products, food and beverages are going to be estimated again in chapter 5,  allowing a
comparison with data presented here. Local data were used for the outputs of wastewater,
solid waste and air emissions.  This MFA helped further  studies  presented in following
chapters. The MFA included industrial and agricultural consumption besides residential,
transports, commercial and services consumption. Further studies developed in the next
chapters will be demand-based and therefore only residential, transportation, commercial
and service uses are going to be considered.
3.1. Study area description
The defined study area was the city of Aveiro. It is in the coastal central part of Portugal,
75 km south of Porto. It was proclaimed a city in 1759 and has nowadays a strong tourism
activity (CM Aveiro, 2011). Its population is of 73,335 inhabitants, 0.71% of the country's
total, which is 10,356,117 inhabitants  (INE, 2011a). Aveiro is a county but it  is  also a
district.  The district  of Aveiro is composed of 19 counties and the county of Aveiro is
composed of 14 civil parish subdivisions. As most of the statistical information is available
for the county level, this was the defined area of analysis. 
Only a few of the 14 parish subdivisions have a high population density (urban like), while
the others are sparse and have a low population density (rural like). This can be seen in
Table 3.1.1. 
Table 3.1.1. Aveiro Municipalities population, area and density
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Parish subdivision Population Area (km²) Density (inh/km²)
Aradas 7,628 8.9 854
Cacia 7,006 37.6 187
Eirol 781 5.7 137
Eixo 5,253 16.7 314
Esgueira 12,262 17.8 691
Glória 9,917 6.9 1,445
Nariz 1,467 9.3 157
Oliveirinha 4,780 12.1 396
Requeixo 1,198 10.4 115
São Bernardo 4,079 3.9 1,037
São Jacinto 1,016 13.7 74
Vera Cruz 8,652 38.5 225
Santa Joana 7,426 5.8 1,273
Nossa Senhora de Fátima 1,870 12.6 148
Aveiro 73,335 199.9 367
Source: adapted from INE 2011a,b
The parish subdivisions that constitute the main urban part or the “city center” are Glória,
Vera  Cruz,  Esgueira,  Aradas,  Santa  Joana  and  São  Bernardo  (mainly Glória  and  Vera
Cruz). If  only these municipalities are considered the total population would be 49,964
inhabitants with a density of 611 inhabitants/km². If the lagoon area and salt marshes of
Vera  Cruz  municipality  is  taken  out,  this  density  would  increase  to  around  1,000
inhabitants/km². It should be noted that while using statistical data of the county level, the
differences between parish subdivisions realities were not taken into account. Figure 3.1.1
presents Aveiro area with its parish subdivisions and land-use. 
Figure 3.1.1. Aveiro civil parish subdivisions and land-use. Source: adapted from APA,
2011a  (Portugal  land-use  CLC2006)  and  DIVA-GIS,  2011  (Portugal  administrative
boundaries).
The total  area of the city is  199.9 km²,  from which 29.2 km² are urban,  38.0 km² are
agriculture  and  7.2  km²  are  industries  (INE,  2011c).  The  rest  is  composed  mainly of
forests, a coastal lagoon, salt marshes and salt-works.
Aveiro employed population was 35,854 in 2001 (INE, 2011d),  0.77% of the country's
total. The main employers were the transformation industry (26.1%); wholesale commerce,
retail commerce and vehicle sales and maintenance (17.8%); education (11.1%); public
administration and defense (7.9%); and construction industry (7.7%). The city's purchasing
power was 1.34 times higher than the Portugal average in 2007 (INE, 2011e).
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3.2. Energy inputs
Information on the Portugal energy market was obtained from the International Energy
Agency (IEA, 2011a) for the year 2008. This information was already in toe for all types of
energy. IEA used a physical energy content method to convert all energy sources units to
toe, getting values on a net calorific value basis (IEA, 2011b). The IEA energy balance of
Portugal  was  used  to  draw  the  metabolism  of  the  national  energy  production  and
consumption.  At  first,  renewable  energies  were  only  segregated  in  three  categories:
“hydro”, “combustible renewables and waste” and “geothermal, solar, etc”. So, using more
detailed information on renewable energies (IEA, 2011c) it was possible to estimate the
amounts  of  “hydro”,  “geothermal”,  “solar  thermal”,  “solar  photovoltaics”,  “wind”,
“municipal waste”, “industrial waste”, “biomass”, “biogas” and “biofuels”. However, part
of this detailed information was in Gigawatt hour (GWh) and part was in Terajoule (TJ).
Hence, it was needed to use the conversion factors presented in Table 3.2.1 to convert all to
toe  or  1,000  toe (ktoe).  The  conversion factors  are  also based on the physical  energy
content method.
Table 3.2.1. Conversion factors used for the renewable energies (Source: IEA (2011d))
The scheme of Figure 3.2.1 presents the national energy metabolism of Portugal in the year
2008. For a better visualization it was decided to group all renewable energies that are not
very relevant for final consumption, i.e. that were either very small or directly used by
electricity or combined heat and power (CHP) plants. These consisted on the totality of
renewable energies except biomass and biofuels. This procedure was only done to make
the metabolism picture more clear and easier to grasp, but detailed information was kept
for further use.  The total energy consumption in Portugal was 23,836 ktoe, from which
53.5% was oil, 17.4% was natural gas and 10.6% was coal and peat. So, 81.5% of the
country's  energy  consumption  was  based  on  fossil  fuels.  There  was  a  net  import  of
electricity to the country of 811 ktoe and a net export of oil products of 444 ktoe. Portugal
electricity production was mainly based on fossil fuels. Nuclear energy was not directly
produced in the country. However, imports from Spain represented 17% of total electricity
consumption and nuclear sources had in 2008 a share of around 30% of the Spanish supply
mix (IEA, 2011e). So, approximately 5% of the Portuguese electricity consumption was
produced by nuclear power plants.  Renewables had a share of 22.3% of the electricity
production  (mainly wind  and  hydro-power)  and  a  share  of  18.5% of  the  total  energy
consumption  (mainly biomass  for  residential  and  industrial  uses).  Biofuels  represented
2.1% of the transportation fuel consumption. 
Aveiro's oil products, electricity and natural gas consumption were obtained in detail from
statistics provided by the Energy and Geology General Directorate of Portugal (DGEG,
2011). Table 3.2.2 shows these consumptions for the main activities, both in the city and in
Portugal. It was listed only the activities that had a share higher than 0.5% of the total for
the city or for the country. The listed activities represented between 94% and 98% of the
national and local electricity, natural gas and oil products consumption. The same factors
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Unit toe TJ Gwh
Factor 1 0.04187 0.01163
presented in Table 3.2.1 were applied for unit conversion. 
Figure 3.2.1. Portugal energy inputs of 2008 in 1,000 tonnes of oil equivalent (ktoe) –
Source: based on data collected from IEA (2011a,b).
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Table  3.2.2.  Oil  products  (including gases),  electricity and  natural  gas  consumption in
Portugal and Aveiro in 2008 – unit 1,000 tonnes of oil equivalent (ktoe) (Source: adapted
from DGEG (2011))
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Residential Use Portugal Aveiro Transport Portugal Aveiro
Oil Products 504 6.28 Oil Products 6,032 57.64
Electricity 1,112 8.93 Electricity 47 0.10
Gas 312 6.47 Total 6,079 57.74
Total 1,928 21.68
Agriculture Portugal Aveiro
Commerce and Services Portugal Aveiro Oil Products 261 1.17
Oil Products 321 5.02 Electricity 79 0.12
Electricity 1,268 13.51 Total 340 1.29
Gas 112 1.46
Total 763 8.72
Industrial Use Portugal Aveiro
Solid Waste Management Oil Products 24 0.99 Oil Products 2,972 12.34
Electricity 19 0.64 Electricity 1,286 35.32
Gas 1,030 32.13
Restoration Gas 25 0.52 Total 5,288 79.79
Electricity 119 1.23
Chemicals and Synthetics Production
1,449 0.03
Health Services Gas 39 0.42 Gas 89 2.31
Electricity 50 0.48 Electricity 144 0.26
Sports  and Entertainment
Gas 15 0.33 Oil Products 758 0.77
Electricity 25 0.26 Gas 532 24.31
Electricity 208 4.89
Public Administration and Defense Gas 32 0.19
Electricity 88 0.83 Construction Indus try Oil Products 496 3.89
Gas 8 1.38
Water supply Electricity 66 0.10 Electricity 47 0.61
Education Electricity 52 1.22 Food Indus try Oil Products 133 0.12
Gas 97 1.88
Streets Lightening Electricity 131 0.96 Electricity 121 0.81
Lodging Electricity 57 0.30 Paper Industry Oil Products 79 7.49
Gas 110 0.00
Electricity 20 0.25 Electricity 206 18.65
Wholesale Trade Oil Products 144 2.72 Metallurgy Gas 50 1.16
Electricity 93 1.92 Electricity 140 4.78
Retail Trade Oil Products 82 0.43 Electric Equipments  Production Gas 5 0.78
Electricity 263 2.95 Electricity 34 0.05
Building Projects and Sales Oil Products 71 0.88 Metallic Products (except machines) Gas 18 0.31
Electricity 55 0.48 Electricity 45 1.27
Telecommunication Electricity 54 0.66 Textile Industry Gas 121 0.00
Electricity 103 0.01
Printing and Publishing Activities Electricity 70 0.63
Electricity 24 3.29
Banking Services Electricity 40 0.22
Rubber and Plastic Materials Electricity 64 0.49
Associations Electricity 23 0.21
Furniture and Mattress Production Electricity 47 0.11
Storage Activities Electricity 43 0.17
Wood and Cork Industry Electricity 57 0.08
Mining Indus try (metallic) Electricity 23 0.00
Mining Industry (non-metallic) Oil Products 57 0.04
Electricity 23 0.02
Oil Products for 
Non-Energy Uses
Minerals 
(non-metallic) Production
Gardening and Building 
Maintenance
Automobile 
Industry
Although Aveiro has only 0.7% of the national population, it used 1.12% of the country's
residential energy, 0.95% of the transportation consumption (mainly oil products), 1.18%
of the commerce and services energy and 1.51% of the industrial use (mainly due to the
paper industry and to non-metallic minerals production, of  which ceramics is  the most
relevant product in the city). Agriculture, with a share of 0.38%, was the only sector in
Aveiro that had a consumption share lower than the population share. The mining activities
were described along with other industries but they did not play an important role for the
city's  energy  consumption.  With  all  these  shares  of  oil,  natural  gas  and  electricity
consumption for Aveiro, the national energy metabolism (Figure 3.2.1) was adapted to the
city level with a bottom-up approach. The final energy metabolism of Aveiro is presented
in Figure 3.2.2.  The bottom-up approach was carried out with the following steps:
− The  values  of  energy  consumption  of  Aveiro  for  residential  use,  transport,
commerce,  services,  agriculture  and  industrial  use  (Table  3.2.2)  were  used  to
calculate the percentages they represented in relation to Portugal consumption.
− These shares of final consumption were used to multiply by the final consumption
of the Portuguese metabolism (end of the fluxes in the diagram of Figure 3.2.1).
This was done because the total national consumption did not match for the two
different sources  used (IEA and DGEG), but they were very close in nearly all
cases. The only relevant difference was for the residential and for the commercial
natural gas consumption. When summed up the total consumptions were close, but
the distribution between the two sectors was very different: 230 ktoe residential and
180  ktoe  commercial  in  the  IEA data  and  312  ktoe  residential  and  112  ktoe
commercial in the DGEG data. For the sake of conformity in the metabolism the
IEA data were used. No information on a city level was found for some fuels such
as biomass, biofuels, coal, solar and geothermal, which had final consumption in
the national  metabolism. So, they were considered to be consumed in the same
proportion  as  the  total  consumption  of  oil,  natural  gas  and  electricity.  For  the
industrial use this assumption was used to get the values of heat, coal and biomass
considering the share of 1.51%. For commerce and public services this assumption
was used to estimate the value of solar thermal considering the share of 1.18%. For
transport the value of liquid biofuels consumption in Aveiro was also obtained with
this assumption and the share of 0.95%. The biomass and solar thermal residential
uses  were obtained with the share of  1.12%. Fuels  with very low consumption
values at the national level were not taken into account. 
− The end values of the metabolism fluxes were used to calculate the correspondent
share of the upper supply chain industries,  i.e. the inputs and outputs of the oil
refineries, electricity plants, CHP plants and their stocks needed to fulfill Aveiro's
final demand. 
− The total consumption of each energy source was calculated based on the inputs of
the energy industry.
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Figure 3.2.2. Aveiro energy metabolism of 2008 in 1,000 tonnes of oil equivalent (ktoe)
The energy metabolism presented in Figure 3.2.2 shows the estimated Aveiro participation
on all fuel consumptions, energy transformation and losses. Aveiro had a total consumption
of 291.1 ktoe (1.22% of the country's total) looking at the first field of the metabolism (the
energy sources  “reservoirs”).  This  value should be added by 12.8 ktoe,  which was the
estimated participation of the city on the electricity imports from Spain. This represented
an energy consumption of 11.3 koe/cap/day, a value 76% higher than the national average
of  6.4  koe/cap/day.  If  the  two  main  consumers  of  Aveiro  are  excluded  (non-metallic
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minerals production and paper industry) the consumption is reduced to 7.5 koe/cap/day and
the  difference  already  decreases  to  16%.  Looking  more  in  detail  to  each  sector,  the
residential use in the city was 1.62 koe/cap/day, while the national residential use is 1.12
koe/cap/day. Transports consumed 2.44 koe/cap/day and 1.83 koe/cap/day, respectively for
Aveiro and Portugal. It should be noted that, in the case of transportation, the information
available is related to fuel sales within the city borders and not to final consumption, which
may happen outside the city. For this simplified metabolism analysis it was assumed that
the fuel sales and the final fuel consumption inside the city are the same. Commerce and
services consumption was 1.37 koe/cap/day in Aveiro and  0.85 koe/cap/day in Portugal.
Agriculture  had  a  consumption  of  0.06  koe/cap/day  (Aveiro)  and  0.13 koe/cap/day
(Portugal).  The  industrial  use was  the  one  with the highest  difference  between  Aveiro
consumption (5.80 koe/cap/day) and the national consumption (2.46 koe/cap/day).
If energy consumption would be checked only at the final stages of the metabolism (koe at
final consumers, excluding transformation losses and hidden flows), the values would be
much smaller. It is important to know them as well, since the process LCA in chapter 5 will
need values at final consumers (losses and hidden flows are already considered in the LCA
impact data). The consumption at final consumers was 1.28 koe/cap/day for residential use,
2.25 koe/cap/day for  transportation,  0.86 koe/cap/day for  commerce and services,  0.05
koe/cap/day for agriculture and 4.23 koe/cap/day for industrial use. The total consumption
at  final  consumers  was  8.67  koe/cap/day,  from  which  4.39  koe/cap/day  are  not  for
industrial or agricultural uses.
All the information obtained will be presented in detail for each fuel at the end of this
chapter, together with the information about the other inputs and outputs of the city. 
3.3. Water inputs
The  National Statistics Institute of Portugal (INE) provides online statistical information
available on a city level for many topics, including water consumption. The total water
consumption of Aveiro in 2005, according to INE (2011f), was 4,424,000 m³, representing
0.67% of the country's total. This consumption is equal to 165 kg/cap/day (using 1 L = 1
kg). 
More  detailed  information  was  also  obtained  from  a  report  of  the  entity  that  was
responsible  for  the  city's  water  services  (Serviços  Municipalizados  de  Aveiro  (SMA),
2008). The entity stated a total consumption in 2008 of 4,350,000 m³ (162.4 kg/cap/day). It
also  gave  a  residential  consumption  of  3,017,000  m³  (112.6  kg/cap/day),  a  industrial
consumption  of  651,000  m³  (24.4  kg/cap/day)  and  a  central  and  local  administration
consumption  of  377,000  m³  (14.1  kg/cap/day).  The  consumption  of  other  uses  was
assigned  to  commerce  and  services  and  resulted  in  11.3  kg/cap/day.  No  agriculture
consumption  was  described.  All  the  consumption  described  was  referred  to  the  water
coming from the water distribution system, so own capturing systems (individual wells,
rainwater harvesting, etc) were not taken into account. It was decided to use the SMA data,
instead of INE data, since they were more detailed and were representative of the year
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2008.  The report  also  stated  that  all  water  treatment  was  done  only with  chlorination
(chlorine consumption) and pH correction stations (carbonates consumption).
3.4. Food and drinks inputs
The most recent food and drinks consumption statistics for Portugal that could be found
were for the year 2003 (INE, 2011g). It gave an average of the country's consumption for a
large list of food products and drinks. It also presented the trends from the past years and
variations along the years were usually very low (changes in nutritional habits are a slow
process). Unfortunately, no information was obtained for the city level. So, this national
average diet will be compared with the downscaled values of chapter 5. The total food
consumption  was  2.26  kg/cap/day  and  the  total  beverages  consumption  was  0.74
kg/cap/day.  All  food  consumption  was  assigned  to  be  residential,  for  simplification
purposes. The more detailed description of food products and drinks will be given in the
end of this chapter. 
3.5. Air emissions
The GHG emissions of the city are going to be considered in a more comprehensive way
on chapters 4 and 5,  with demand based approaches,  but  a brief description of the air
emissions is also given here. A preview analysis of the expected CO2 outputs was done,
using emission factors from the European Environment Agency (EEA). The considered
emission factors were 73.3 t CO2/TJ for crude oil, 94.6 t CO2/TJ for coal and 56.1 t CO2/TJ
for natural gas, which were the Intergovernmental Panel on Climate Change (IPCC) default
values (EEA, 2003). These factors consider direct emissions of CO2, not accounting for life
cycle emissions and also not considering other GHG. Using these emission factors, the
total CO2 emissions resulting from city's demand of fossil fuels was 23.42 kg CO2/cap/day.
No CO2 emissions were assigned to the other energy sources, since they were considered to
be neutral: all CO2 emitted was first captured (e.g. biomass) or no CO2 was directly emitted
(e.g. wind power). The CO2 emissions from human respiration were also included in this
analysis and amount to approximately 0.76 kg CO2/cap/day (Muñoz, 2010).
The 2008 city's emissions estimated by the Portuguese Environment Agency (APA) for the
report on atmospheric pollutants emissions are presented in Table 3.5.1 (APA, 2011b). The
total CO2 emissions reported to Aveiro by APA were 13.2 kg CO2/cap/day, a value much
lower  than  the  23.42 kg  CO2/cap/day  estimated  here  for  fossil  fuel  emissions.  This
difference was expected, since the APA database considers only the emissions occurring
inside the city and the estimated fossil fuel consumption emissions occurred also outside
the city (e.g. electricity production). The emissions estimated from fossil fuel consumption
will be further used. The agriculture and cattle ranching (livestock) emissions of the city
were very low, thus resulting in low shares of the national emissions for ammonia (NH3)
and nitrous oxide (N2O). The city's national shares for sulfur oxides (SOx), nitrogen oxides
(NOx),  non-methane volatile organic compounds (NMVOC), carbon monoxide (CO) and
particulate matter with equivalent aerodynamic diameter smaller than 10 µm (PM10) were
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all  higher  than  the  city's  population  share  (0.7%),  mainly due  to  industrial  emissions
(combustion,  solvents  and  other  processes).  Road  and  rail  transport  had  a  large
contribution for the emissions of NOx and CO. For CH4 the city's share was 0.68% of the
national emissions and the main sources were waste disposal and wastewater.
Table 3.5.1. Aveiro atmospheric pollutants emissions in 2008 for different sectors, tonnes
(Source: adapted from APA (2011b))
3.6. Wastewater outputs
The total Aveiro wastewater production in 2005 was 3,048,000 m³ according to statistics
on a city level from INE (2011h). This equals 114 kg/cap/day (considering 1 L = 1 kg),
around 70% of the water consumption given by INE. This statistical source states as well
that  all  the  wastewater  received  treatment  in  the  city.  The  2008  report  of  the  entity
responsible  for  wastewater  collection  in  Aveiro  (SMA,  2008)  indicates  a  wastewater
production of 3,670,000 m³ in 2008, which results in 137.4 kg/cap/day (around 84.5% of
the water consumption given by SMA). This volume was the one for which the entity was
paid by consumers, but it did not include infiltration and other wastewater indirect inputs.
Considering all wastewater produced, the treated volume measured was 5,060,000 m³, but
this increase will not be taken into account to simplify the analysis. All the wastewater was
treated in a secondary treatment plant. The wastewater generation distribution among the
different  sectors was not given.  So the same share of  the water  distribution was used,
resulting in 95.3 kg/cap/day from residential  use,  21.5 kg/cap/day from commerce and
services and 20.6 kg/cap/day from industrial use. 
The wastewater composition before and after treatment was not given in the SMA's report.
However,  the  composition  after  treatment  was  obtained  directly  with  the  company
responsible for  the wastewater  treatment  (SIMRIA).  The values  found were  an  annual
average  in  2008 of  around  11.5  mg/L for  BOD,  70  mg/L for  COD 26 mg/L of  total
suspended  solids  (TSS),  32.3  mg/L for  N  and  4.3  mg/L for  P.  The  majority  of  the
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Aveiro Emissions SOx NOx NH3 NMVOC CO PM10 Pb Cd Hg CH4 CO2 N2O
Energy Production (t) 17 6 0 0 1 1 0.00 0.00 0.00 0 2,671 0
Industrial Combustion (t) 1,279 898 0 348 1,404 2,115 0.05 0.02 0.07 208 162,891 17
Small Combustion (t) 12 109 0 153 1,879 155 0.00 0.00 0.00 111 29,498 2
Industrial Processes (t) 88 490 0 738 0 954 0.00 0.00 0.00 1 3,854 0
Fugitive (t) 0 0 0 23 0 0 0.00 0.00 0.00 29 150 0
Solvents (t) 0 0 0 1,228 0 1 0.00 0.00 0.00 0 3,483 0
Road and Rail Transport (t) 5 793 12 191 1,029 43 0.06 0.00 0.00 14 133,521 6
National Ships (t) 47 339 0 20 68 10 0.00 0.00 0.00 1 14,423 0
Off Road Transport (t) 0 39 0 6 14 4 0.00 0.00 0.00 0 2,101 1
Civil Aviation (t) 0 0 0 0 0 0 0.00 0.00 0.00 0 0 0
Waste Disposal (t) 0 0 16 45 0 0 0.00 0.00 0.00 1,739 0 0
Wastewater (t) 0 0 0 4 0 0 0.00 0.00 0.00 982 0 14
Waste Incineration (t) 0 1 0 5 15 3 0.16 0.00 0.00 0 5 0
Livestock (t) 0 0 64 0 0 0 0.00 0.00 0.00 119 0 10
Agriculture (t) 0 0 14 0 0 0 0.00 0.00 0.00 14 0 7
Agriculture Wastes (t) 0 3 0 7 35 7 0.00 0.00 0.00 2 0 0
Total (t) 1,448 2,678 107 2,769 4,443 3,293 0.28 0.02 0.07 3,219 352,597 57
National Share 1.28% 1.00% 0.21% 1.36% 0.87% 2.57% 0.00% 0.00% 0.00% 0.68% 0.59% 0.31%
Total (kg/cap/day) 0.054 0.100 0.004 0.103 0.166 0.123 0.000 0.000 0.000 0.120 13.173 0.002
wastewater was treated by two treatment plants (ETAR Sul and ETAR Norte), so these
values represent the average of both. It was decided to focus further analysis on N, P and
BOD (as the indicator of organic matter). Their estimated outputs were 0.002 kg/cap/day
for  BOD,  0.004  kg/cap/day  for  N  and  0.001  kg/cap/day  for  P.  An  average  sludge
production of 0.94 kg/m³ was also found, which equals to 0.13 kg/cap/day (wet sludge).
The sludge is further used in agriculture as a fertilizer. For simplification, it was considered
that all sectors had the same wastewater composition (after treatment). 
3.7. Solid waste outputs
Solid  waste  information  of  Aveiro  was  obtained  both  from  INE  and  from  the  entity
responsible for the collection of waste (SMA, 2008). INE (2011i) presents a total solid
waste generation of 35,030 tonnes in 2005 (1.39 kg/cap/day) and a recycled waste of 2,096
tonnes (0.08 kg/cap/day). The 2008 report of the entity SMA, informed a total solid waste
generation of 41,400 tonnes (1.55 kg/cap/day), of which 38,750 tonnes (1.45 kg/cap/day)
consisted on mixed or residual waste going to landfill. The recycled waste amounted to
2,650 tonnes (0.10 kg/cap/day), being 1,250 tonnes of glass (47%), 1,000 tonnes of paper
(38%) and 400 tonnes of packaging material (15%). The values from both sources were
quite close, but it was decided to use the ones from SMA, since they were for 2008 and had
more details.
The residual waste composition was not given, so it was decided to use values given in the
literature. The Portuguese Environment Agency described in the 2008 Dossier for Waste
Prevention (APA, 2011c) the total solid waste composition for a rural and for an urban
region. The values of the urban region were selected. They were from a study of Lisbon
(Carvalho, 2005). They were 38% of organics, 24% of paper, 6% of glass, 9% of plastic,
2%  of  metals,  3%  of  textiles,  13%  of  small  particles  and  5%  of  others.  Table  3.7.1
summarizes the estimated fractions of the total waste, recycled waste and residual waste
for Aveiro. All the waste generated was assumed to be residential to simplify the analysis.
Table 3.7.1. Estimated total, recycled and residual waste fractions in Aveiro in 2008
3.8. City's metabolism – general overview
Finally, a first attempt to drawn the metabolism of processes happening inside Aveiro was
done.  Energy (at  the  final  consumer),  water,  food  and  drinks  were  the  input  products
considered. Air emissions, wastewater and solid waste were the outputs analyzed. Table
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Waste fraction % Total (t) Recycled (t) Residual (t)
Organics 38% 15,732 0 15,732
Paper 24% 9,936 1,000 8,936
Glass 6% 2,484 1,250 1,234
Plastic 9% 3,726 327 3,399
Metals 2% 828 73 755
Textiles 3% 1,242 0 1,242
Small particles 13% 5,382 0 5,382
Others 5% 2,070 0 2,070
Total 100% 41,400 2,650 38,750
3.8.1 summarizes all the inputs described on the previous sections and Table 3.8.2 presents
the  outputs.  Figure  3.8.1  shows  the  city's  simplified  metabolism  for  the  considered
processes.  All  the  units  are  presented  in  kg  per  capita  per  day  to  allow  a  better
comprehension  of  the  values,  but  the  totals  of  the  city  can  be  achieved  easily  by
multiplying the values by the population of 73,335 inhabitants.
Table 3.8.1. Inputs considered in Aveiro's metabolism
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Input Unit Transport Total
Energy koe/cap/day* 1.28 2.25 0.86 0.05 4.23 8.67
Oil products koe/cap/day 0.257 2.201 0.226 0.046 0.492 3.22
Electricity koe/cap/day 0.347 0.003 0.540 0.005 1.554 2.45
Natural gas koe/cap/day 0.178 0.088 1.185 1.45
Biomass koe/cap/day 0.488 0.786 1.27
Solar Thermal koe/cap/day 0.008 0.005 0.01
Biofuels koe/cap/day 0.045 0.05
Heat koe/cap/day 0.171 0.17
Coal koe/cap/day 0.040 0.04
Water kg/cap/day** 112.60 25.37 24.38 162.36
Food kg/cap/day 2.26 2.26
Cereals and Rice kg/cap/day 0.41 0.41
Roots kg/cap/day 0.27 0.27
Sugar kg/cap/day 0.09 0.09
Dry leguminous kg/cap/day 0.01 0.01
Horticultural kg/cap/day 0.28 0.28
Fruits kg/cap/day 0.36 0.36
Meat kg/cap/day 0.25 0.25
Eggs kg/cap/day 0.02 0.02
Milk and derivatives kg/cap/day 0.35 0.35
Fish kg/cap/day 0.09 0.09
Oil and fat kg/cap/day 0.11 0.11
Other Food products kg/cap/day 0.02 0.02
Drinks kg/cap/day 0.74 0.74
Wine kg/cap/day 0.13 0.13
Beer kg/cap/day 0.17 0.17
Other alcoholic kg/cap/day 0.01 0.01
Water kg/cap/day 0.21 0.21
Soft drink kg/cap/day 0.19 0.19
Juice kg/cap/day 0.02 0.02
* koe/cap/day (kg of oil equivalent per capita per day) at the final consumer.
** 1 L considered to be equal to 1 kg.
Residential 
Use
Commerce 
and Services
Agriculture, 
Forestry, 
Fishing
Industrial 
Use
Table 3.8.2. Outputs considered in Aveiro's metabolism
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Outputs Unit Transport Total
kg/cap/day 3.18 6.77 2.8 0.16 9.76 23.42
Oil products kg/cap/day 0.79 6.75 0.69 0.14 1.51 9.89
Electricity kg/cap/day 1.22 0.01 1.9 0.02 5.46 8.61
Natural gas kg/cap/day 0.42 0.21 2.78 3.41
Heat kg/cap/day 0.60 0.60
Coal kg/cap/day 0.16 0.16
Respiration kg/cap/day 0.76 0.76
Other air emissions** kg/cap/day 0.045 0.099 0.151 0.011 0.368 0.673
SOx kg/cap/day 0.0002 0.002 0.0002 0.052 0.054
NOx kg/cap/day 0.002 0.044 0.002 0.0001 0.052 0.100
NH3 kg/cap/day 0.0005 0.001 0.003 0.004
NMVOC kg/cap/day 0.003 0.008 0.005 0.0003 0.087 0.103
CO kg/cap/day 0.035 0.042 0.036 0.001 0.052 0.166
PM10 kg/cap/day 0.003 0.002 0.003 0.0002 0.115 0.123
Pb kg/cap/day 0.000002 0.000006 0.000002 0.000010
Cd kg/cap/day 0.000001 0.000001
Hg kg/cap/day 0.000003 0.000003
CH4 kg/cap/day 0.002 0.001 0.104 0.005 0.009 0.120
N2O kg/cap/day 0.0003 0.001 0.001 0.001 0.002
Wastewater kg/cap/day 95.39 21.52 20.62 137.54
Wastewater*** kg/cap/day 95.3 21.5 20.6 137.4
Organic matter (BOD) kg/cap/day 0.0011 0.0002 0.0002 0.0016
Nitrogen kg/cap/day 0.0031 0.0007 0.0007 0.0044
Phosphorus kg/cap/day 0.0004 0.0001 0.0001 0.0006
Sludge (wet) kg/cap/day 0.090 0.020 0.019 0.129
Solid waste kg/cap/day 1.55 1.55
kg/cap/day 1.45 1.45
Recycled Waste kg/cap/day 0.10 0.10
*** 1 L considered to be equal to 1 kg.
Residential 
Use
Commerce 
and Services
Agriculture, 
Forestry, 
Fishing
Industrial 
Use
CO2*
Waste disposed in 
landfill
* Emissions estimated with the emission factors of  oil, coal and natural gas given by EEA (2003). For electricity and heat the local 
use of coal and natural gas for their production was taken from the energy metabolism of Aveiro.
** Estimated by APA for the processes happening inside the city of Aveiro. Small combustion emissions were divided between 
Residential Use and Commerce and Services.
Figure 3.8.1. Aveiro's simplified metabolism for the considered processes
The total amount of considered inputs was of 174.0 kg/cap/day. Water constitutes the major
share of inputs (93.3%), followed by energy (5.0%), whereas food and drinks were the
smallest contributors (1.7%). Other products were not taken into account in this chapter.
None of the considered inputs lasts for more than one year, so the net accumulation in the
city due to them was assumed to be zero. The outputs had a total estimated weight of 163.2
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kg/cap/day. Wastewater had the highest share (84.3%), with air emissions in second place
(14.8%) and waste in the last (0.9%). The outputs of other products (e.g. industry products)
were not accounted. There is a difference of around 10.8 kg/cap/day between total inputs
and outputs, which is mainly due to the fact that balancing items were not yet considered.
The wastewater flows were only 84.5% of the water inputs, but water evaporation and
other water losses were not included (e.g. water used for irrigation of gardens). On the
other hand, oxygen inputs were not taken into account on the inputs side, what made the air
emissions weight to be much higher than the energy inputs weight. Solid wastes also have
other components besides food and drinks,  which were not included in the inputs.  The
residential,  transportation,  commerce  and  service  sectors  of  the  MFA  will  be
complemented for other products in chapter 5, where the net balancing items will also be
included. The MFA made here will be also useful for further comparison with estimations
done with downscaling of national data.
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4. Economic Input-Output Analysis
4.1. Goal and Scope Definition
The objective of the IO analysis was to provide a simplified overview of the environmental
impacts caused by the residential and transport demands of the city of Aveiro at the county
level. The methodology used is similar to the one described in Rosado and Ferrão (2009),
with some adaptations. First the monetary fluxes within economic sectors were obtained
from the Portuguese economic Input-Output table of 2005 (OECD, 2011), which is divided
in 48 economic sectors. Then the inverse Leontief matrix was calculated. It is the matrix
that, when multiplied by the country's final consumption, results in the gross output of each
sector. So, for a certain final consumption of food, for example, the inverse Leontief matrix
gives  the  gross  outputs  of  sectors  such  as  agriculture,  oil  products,  paper,  plastic  and
several others. The next step was to define a household expenditure for Aveiro, so that a
final  consumption  per  inhabitant  could  be  assigned  to  each  sector.  The  Inquiry  of
Households Expenses 2005/2006 (INE, 2011a) was used for this purpose. It contains data
segregated per region, per family type or per age of the main income provider. Rosado and
Ferrão (2009) used the data segregated per family type, but this choice was not followed in
this study because the classification of family types was not the same in the INE data of
household expenses and in the INE data of number of families per city (INE, 2011b). Since
Aveiro is a city much more developed than the average of its region, it was decided not to
use the regional data as well. So the data used were the ones segregated by age of the main
provider,  which contained a list  of 12 sectors  subdivided into 47 sub-sectors.  Data on
amount of families in Aveiro for each age category were obtained from the Population
Census of 2001 (INE, 2011b). The purchase power of Aveiro was 1.34 times the national
one, according to the Study on the Purchase Power of Municipalities of 2005 (INE, 2011c)
and this factor was also taken into account by multiplying the final consumption of all
products by it. The final expenditure obtained was distributed along the economic sectors
defined in the IO table.  With this procedure a final household consumption vector was
achieved  for  several  sectors.  The  public  final  consumption  was  not  considered  in  this
analysis. The following step was to multiply these gross outputs by environmental impacts
of each economic sector (average impact per monetary unit of gross output). These factors
were calculated for GHG emissions and for fossil fuel consumption in this study. Gross
output of each industry was available in the IO table and national  GHG emissions and
fossil fuel consumption were available in the 2005 National Accounts of the Portuguese
Statistics  Institute  disaggregated  by  81  economic  sectors  (INE,  2011d,e).  Most  of  the
information used was for the year 2005, the only exception being the number of families in
Aveiro, which was for the year 2001 (no population growth was considered).
4.2. Inventory Analysis
The Portuguese economic IO table of the year 2005 is partially presented in Table 4.2.1.
Since the IO table comprehends 48 economic sectors it  was decided not to present the
complete table.  An analysis  of  this  table was done following the orientation given by
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Faculty of Washington (2011). It describes, among others, the following IO equations:
X - AX = Y (1)
(I - A)X = Y (2)
X = (I - A)-1 Y (3)
With:
X = column vector of industrial gross output
Y = column vector of final demand
A = matrix of coefficients that indicate the amount of one economic sector product needed
to produce one unit of another economic sector product
I = Identity matrix (matrix with "1" in the diagonal, "0" in all other fields)
(I-A)-1 = "Leontief Inverse (Matrix)"
Table 4.2.1. Part of the Portuguese economic IO table of 2005 in million € (adapted from
OECD, 2011)
The  IO  table  shows  the  amount  of  money  paid  for  each  economic  sector  (lines)  to
manufacture the products of the other sectors (columns). For example, to produce the gross
output  of  12,734.3  million  €  of  the  “Food  products,  beverages  and  tobacco”  industry
(column 4) it was needed to pay 3,825.8 million € for the sector “Agriculture, hunting,
forestry and fishing” (line 1). The gross output (X) of a economic sector is equal to the
intermediate use, or the use that other economic sectors make of his products, plus the final
consumption (Y) of private or public consumers. Imports are considered as negative values
of the final consumption, as it can be seen for the economic sector “Mining and quarrying
(energy)” in Table 4.2.1, because they do not count for the national economic sectors gross
output. The Portuguese IO table was lacking information for the monetary fluxes of seven
sectors,  namely  “Mining  and  quarrying  (energy)”,  “Pharmaceuticals”,  “Non-ferrous
metals”,  “Aircraft  &  spacecraft”,  “Railroad  equipment  &  transport  equip  nes.”,
“Manufacture of gas; distribution of gaseous fuels through mains” and “Steam and hot
water supply”. This lack of information will have the drawback that only impacts from the
final consumption will be accounted for these sectors (not from the intermediate uses). 
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Portugal IO Table 2005 …
958.6 0.0 0.4 3,825.8 … 6,451.6 979.8
0.6 0.0 0.6 0.3 … 4,954.9 -4,954.9
1.4 0.0 44.0 11.8 … 867.1 246.5
924.7 0.0 0.6 2,406.5 … 6,158.0 6,576.5
… … … … … … … …
Industry Output 7,431.6 0.0 1,113.5 12,734.3 … … …
1 
Agriculture, 
hunting, 
forestry 
and fishing
2 Mining 
and 
quarrying 
(energy)
3 Mining 
and 
quarrying 
(non-
energy)
4 Food 
products, 
beverages 
and 
tobacco
Total 
intermediate 
use
Final 
Consumption
1 Agriculture, hunting, 
forestry and fishing
2 Mining and quarrying 
(energy)
3 Mining and quarrying (non-
energy)
4 Food products, beverages 
and tobacco
Matrix (A) was calculated dividing the monetary fluxes of the IO table by the gross output
(X) of each economic sector. The results are partially presented in Table 4.2.2. 
Table 4.2.2. Part of the matrix (A)
If this matrix (A) is multiplied by the gross output vector (X) the resulting vector (AX) is
equal to the vector of the total intermediate use. The identity matrix (I) was created and the
subtraction (I – A) was carried out and is partially presented in Table 4.2.3.
Table 4.2.3. Part of the matrix (I – A)
The matrix (I – A) multiplied by the gross output vector (X) equals the vector of final
demand (Y). The “inverse Leontief” or the matrix (I – A )-1 was calculated by inverting the
matrix (I – A) directly with a spreadsheet software function. Part of the results is presented
in Table 4.2.4.
53
MATRIX (I-A) …
0.87 0 0 -0.3 …
0 1 0 0 …
0 0 0.96 0 …
-0.12 0 0 0.81 …
… … … … … …
1 
Agriculture, 
hunting, 
forestry 
and fishing
2 Mining 
and 
quarrying 
(energy)
3 Mining 
and 
quarrying 
(non-
energy)
4 Food 
products, 
beverages 
and 
tobacco
1 Agriculture, hunting, 
forestry and fishing
2 Mining and quarrying 
(energy)
3 Mining and quarrying (non-
energy)
4 Food products, beverages 
and tobacco
MATRIX (A) …
0.13 0 0 0.3 …
0 0 0 0 …
0 0 0.04 0 …
0.12 0 0 0.19 …
… … … … … …
1 
Agriculture, 
hunting, 
forestry 
and fishing
2 Mining 
and 
quarrying 
(energy)
3 Mining 
and 
quarrying 
(non-
energy)
4 Food 
products, 
beverages 
and 
tobacco
1 Agriculture, hunting, 
forestry and fishing
2 Mining and quarrying 
(energy)
3 Mining and quarrying (non-
energy)
4 Food products, beverages 
and tobacco
Table 4.2.4. Part of the matrix (I – A )-1 - “inverse Leontief”
If  this “inverse Leontief” matrix is multiplied by the final consumption vector (Y), the
resulting vector is the gross output (X). If another consumption vector smaller than the
national one (y) is multiplied by the “inverse Leontief” matrix, the result will be a vector of
gross output (x) needed to supply this smaller demand. This consumption vector (y) could
be  for  a  region,  a  city,  a  household  or  an  individual  consumption.  In  this  study  the
individual consumption was considered, which is presented in Table 4.2.5. The per capita
city's expense for each economic sector was multiplied by the inverse Leontief matrix to
get the correspondent gross outputs.
Table 4.2.5. Aveiro's private final consumption per sector of the IO table (€/cap/year)
This  estimated  individual  consumption  of  Aveiro  in  2005  comprehends  22  economic
sectors of the IO table. The data used to make it was previously described in section 4.2.1.
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…
1.22 0 0.01 0.46 …
0.04 1 0.12 0.04 …
0 0 1.04 0.01 …
0.19 0 0.01 1.31 …
… … … … … …
MATRIX (I-A) -1
1 
Agriculture, 
hunting, 
forestry 
and fishing
2 Mining 
and 
quarrying 
(energy)
3 Mining 
and 
quarrying 
(non-
energy)
4 Food 
products, 
beverages 
and 
tobacco
1 Agriculture, hunting, 
forestry and fishing
2 Mining and quarrying 
(energy)
3 Mining and quarrying (non-
energy)
4 Food products, beverages 
and tobacco
Economic sector Economic sector
1,510 93
351 128
32 Construction 1,886
80 Hotels & restaurants 920
Pharmaceuticals 289 704
59 Air transport 57
77 251
63 Finance & insurance 197
413 Education 128
343 Health & social work 201
233 551
Consumption
(€ / cap / year)
Consumption
(€ / cap / year)
Food products, 
beverages and tobacco
Manufacture of gas; 
distribution of gaseous 
fuels through mains
Textiles, textile 
products, leather and 
footwear
Collection, purification 
and distribution of water
Wood and products of 
wood and cork
Pulp, paper, paper 
products, printing and 
publishing
Land transport; 
transport via pipelines
Machinery & 
equipment, nec 
Electrical machinery & 
apparatus, nec
Post & 
telecommunications
Radio, television & 
communication 
equipment
Motor vehicles, trailers 
& semi-trailers
Manufacturing nec; 
recycling (include 
Furniture)
Production, collection 
and distribution of 
electricity
Other community, 
social & personal 
services
Both the money spent buying a house or paying a rent were assigned to the construction
industry, because both are linked to this industry's investments. This made the construction
industry to be in the first position on annual expenditure with 1,886 €/cap/year. The “Food,
beverages and tobacco” industry was in second place with 1,510 €/cap/year. Other major
money expenses were made for the sectors “Hotels & restaurants” (920 €/cap/year) and
“Land transport” (704 €/cap/year). With this vector of average consumption per capita for
Aveiro in 2005, the gross output of all economic sectors needed to attend this demand was
calculated. This vector of gross output was then multiplied by the average environmental
impact factors of each economic sector. These factors were calculated using information
about national GHG emissions and fossil fuel consumption obtained per economic sector
from INE (2011d,e) and are presented in Table 4.2.6 for a few economic sectors as an
example.
Table  4.2.6.  National  GHG emissions  and  fossil  fuel  consumption of  a  few economic
sectors in 2005 (adapted from INE, 2011d,e)
The GHG emissions and fossil fuel consumption presented were divided by the national
gross  output  of  the  correspondent  economic  sector.  Aggregation  of  sectors  and  other
operations  were  done where  necessary for  the  sake  of  compatibility.  The results  were
factors  of  GHG emissions  intensity (kg  CO2-eq./€)  and  fossil  fuel  intensity (kg of  oil
equivalent – koe/€) for each one of the 48 economic sectors of the IO table, which are
presented in Table 4.2.7 for a few of them.
Table 4.2.7. GHG emission intensity and fossil fuel intensity per monetary output of a few
economic sectors of the IO table, 2005
The previously mentioned economic sectors lacking information on the IO table had zero
values as their gross outputs and therefore their GHG emissions and fossil fuel intensities
were assigned as equal to the ones of similar sectors (e.g. pharmaceuticals were considered
to have the same intensity of other chemicals industry). 
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Economic Sector
9,662 322,555
Forestry and logging 82 26,256
Fishing and aquaculture 239 81,247
Mining and quarrying 594 229,010
Manufacture of food products 988 508,520
Manufacture of beverages 163 50,352
Manufacture of tobacco products 1.4 2,597
GHG emissions
(1000 t CO2-eq.)
Fossil fuel 
consumption
(toe)
Crop and animal production, 
hunting and related service 
activities
Economic Sector
9,983 430,058 7,431 1.343 0.058
594 229,010 1,114 0.533 0.206
1,153 561,469 12,735 0.091 0.044
GHG emissions
(1000 t CO2-eq.)
Fossil fuel 
consumption
(toe)
Gross Output
(1,000,000 €)
GHG emissions 
intensity
(kg CO2-eq./€)
Fossil fuel 
intensity
(koe/€)
Agriculture, hunting, 
forestry and fishing
Mining and 
quarrying
Food products, 
beverages and 
tobacco
4.3. Impact Assessment
The ten economic sectors with the highest GHG emissions coming from their demand are
presented in Figure 4.3.1. The other economic sector demands were aggregated for a better
visualization. The sectors in which the emissions occur are also shown in different colors. 
Figure 4.3.1. GHG emissions of Aveiro's private consumption
The demand for land transportation was the one that created the highest GHG emissions in
its  whole supply chain (5.64 kg CO2-eq./cap/day). Most of this sector's  emissions were
directly emitted by its own (around 90%), meaning that it was both the demanding and
polluter or emitter sector.  The production of electricity and refined petroleum products
contributed each to around 3% of the land transportation demand emissions.
Food products, beverages and tobacco had a much higher dependency on other sectors. The
total GHG emissions resulting from their demand were 5.04 kg CO2-eq./cap/day, more than
half occurring in the sector “Agriculture, hunting, forestry and fishing”. Electricity also
had an important share (~14%), as well as the food industry itself (~10%) and the land
transportation (~8%).
Construction industry demand was in third place (4.67 kg CO2-eq./cap/day), also having a
high  contribution  of  several  sectors.  The  biggest  contribution  came  from non-metallic
mineral products (~36%), followed by electricity (~19%) and by the construction industry
itself (~17%).
The demand for electricity was in fourth place with 3.13 kg CO2-eq./cap/day. Nearly all the
emissions occurred within its own activities (more than 96%).
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Other economic sectors
Manufacture of gas; distribution of gaseous fuels through mains
Manufacturing nec; recycling (include Furniture)
Pharmaceuticals
Textiles, textile products, leather and footwear
Motor vehicles, trailers & semi-trailers
Hotels & restaurants
Production, collection and distribution of electricity
Construction
Food products, beverages and tobacco
Land transport; transport via pipelines
0 1 2 3 4 5 6
Production, collection and 
distribution of electricity
Land transport; transport 
via pipelines
Agriculture, hunting, 
forestry and fishing
Other non-metallic min-
eral products
Chemicals excluding 
pharmaceuticals
Construction Coke, refined petroleum 
products and nuclear fuel
Mining and quarrying 
(energy)
Food products, beverages 
and tobacco
Other sectors
GWP Impact (kg CO2-eq. / cap / day)
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The results for all the demanding economic sectors considered as well as the totals are
presented  in  Table  4.3.1.  Only  the  nine  most  relevant  emitting  sectors  from  the  48
considered are  presented,  while  the other  39 are aggregated in  emissions  from “Other
sectors”.
Table 4.3.1. GHG emissions of Aveiro's private consumption (kg CO2-eq./cap/day)
It is interesting to observe that the electricity sector was only the fourth when final demand
for electricity is considered, but it was the first when looking at where emissions occurred
(i.e. when looking for the whole use of electricity including the ones within other economic
sectors).  Less  than  half  of  its  emissions  occurred  due  to  final  electricity  demand  of
households. The land transport sector was in first place for the demand approach and in
second place for the production approach, with almost 80% of its emissions occurring due
to final demand. The total emissions amounted to 25.8 kg CO2-eq./cap/day.
Fossil fuel depletion was also analyzed. Figure 4.3.2 presents the consumption of the ten
most demanding economic sectors. The demand for land transportation was the one that
most required fossil  fuels with 1.86 koe/cap/day, 90% of which being used by its  own
activities.  A difference  from the  GWP impact  was  that  construction  demand  came  in
second place for fossil  depletion with (1.31 koe/cap/day),  leaving the demand for food
products and beverages in third place (1.00 koe/cap/day). Electricity was again the fourth
most demanding sector. Table 4.3.2 shows the values for all demanding sector considered
and the total fossil fuel consumption.
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Construction TOTAL
0.193 4.970 0.015 0.028 0.050 0.009 0.185 0.124 0.001 0.066 5.64
0.682 0.402 2.555 0.204 0.238 0.016 0.100 0.079 0.490 0.273 5.04
Construction 0.843 0.303 0.102 1.631 0.280 0.785 0.184 0.138 0.003 0.396 4.67
2.942 0.027 0.003 0.007 0.012 0.002 0.039 0.086 0.000 0.014 3.13
Hotels & restaurants 0.427 0.109 0.454 0.094 0.072 0.007 0.042 0.036 0.055 0.234 1.53
0.231 0.108 0.021 0.107 0.098 0.004 0.023 0.020 0.001 0.136 0.75
0.191 0.069 0.044 0.014 0.111 0.003 0.020 0.017 0.002 0.239 0.71
Pharmaceuticals 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.696 0.70
0.185 0.092 0.060 0.048 0.096 0.004 0.026 0.021 0.001 0.151 0.68
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.672 0.67
0.302 0.079 0.023 0.023 0.044 0.007 0.026 0.023 0.001 0.113 0.64
Air transport 0.022 0.006 0.003 0.003 0.005 0.001 0.016 0.011 0.000 0.194 0.26
0.046 0.023 0.027 0.005 0.023 0.001 0.005 0.004 0.001 0.099 0.23
Health & social work 0.042 0.013 0.023 0.005 0.056 0.001 0.016 0.011 0.002 0.053 0.22
0.096 0.008 0.003 0.012 0.015 0.003 0.007 0.006 0.000 0.020 0.17
Post & telecommunications 0.052 0.023 0.006 0.009 0.012 0.003 0.005 0.005 0.000 0.042 0.16
0.044 0.029 0.004 0.008 0.030 0.001 0.005 0.004 0.000 0.026 0.15
0.015 0.011 0.034 0.002 0.007 0.000 0.002 0.002 0.000 0.037 0.11
0.029 0.017 0.003 0.006 0.015 0.001 0.004 0.003 0.000 0.032 0.11
Machinery & equipment, nec 0.032 0.014 0.002 0.009 0.009 0.001 0.003 0.003 0.000 0.024 0.10
Finance & insurance 0.027 0.008 0.004 0.003 0.004 0.001 0.002 0.002 0.000 0.017 0.07
Education 0.022 0.004 0.002 0.001 0.002 0.000 0.002 0.001 0.000 0.011 0.05
TOTAL 6.42 6.31 3.39 2.22 1.18 0.85 0.71 0.60 0.56 2.18 25.79
                                                
                   Economic Sectors 
                                  Emitting
Economic Sectors 
Demanding
Production, 
collection 
and 
distribution 
of electricity
Land 
transport; 
transport via 
pipelines
Agriculture, 
hunting, 
forestry and 
fishing
Other non-
metallic 
mineral 
products
Chemicals 
excluding 
pharmaceuti
cals
Coke, 
refined 
petroleum 
products and 
nuclear fuel
Mining and 
quarrying 
(energy)
Food 
products, 
beverages 
and tobacco
Other 
sectors
Land transport; transport via 
pipelines
Food products, beverages 
and tobacco
Production, collection and 
distribution of electricity
Motor vehicles, trailers & 
semi-trailers
Textiles, textile products, 
leather and footwear
Manufacturing nec; recycling 
(include Furniture)
Manufacture of gas; 
distribution of gaseous fuels 
through mains
Other community, social & 
personal services
Pulp, paper, paper products, 
printing and publishing
Collection, purification and 
distribution of water
Electrical machinery & 
apparatus, nec
Wood and products of wood 
and cork
Radio, television & 
communication equipment
Figure 4.3.2. Fossil fuel depletion of Aveiro's private consumption
Table 4.3.2. Fossil fuel depletion of Aveiro's private consumption (koe/cap/day)
The total  estimated fossil  fuel  depletion was 7.34 koe/cap/day.  Land transport  was the
sector that created the highest demand and the one that directly used most fossil fuel at the
same time. Construction was the second for demand and the fifth for direct  use.  Food
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Construction TOTAL
1.652 0.052 0.006 0.011 0.003 0.001 0.012 0.048 0.054 0.027 1.864
Construction 0.101 0.227 0.348 0.032 0.268 0.002 0.064 0.053 0.054 0.166 1.314
0.134 0.183 0.044 0.089 0.006 0.239 0.055 0.031 0.029 0.196 1.003
0.009 0.791 0.002 0.003 0.001 0.000 0.003 0.033 0.011 0.006 0.858
Hotels & restaurants 0.036 0.115 0.020 0.024 0.002 0.027 0.016 0.014 0.012 0.159 0.426
0.036 0.062 0.023 0.011 0.001 0.001 0.022 0.008 0.007 0.077 0.248
0.023 0.051 0.003 0.011 0.001 0.001 0.025 0.007 0.006 0.116 0.244
0.026 0.081 0.005 0.019 0.002 0.001 0.010 0.009 0.007 0.069 0.230
0.031 0.050 0.010 0.013 0.001 0.001 0.022 0.008 0.008 0.065 0.208
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.181 0.181
Pharmaceuticals 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.160 0.160
0.008 0.012 0.001 0.098 0.000 0.000 0.005 0.002 0.001 0.005 0.133
Air transport 0.002 0.006 0.001 0.001 0.000 0.000 0.001 0.004 0.005 0.066 0.086
Health & social work 0.004 0.011 0.001 0.003 0.000 0.001 0.013 0.004 0.005 0.025 0.069
Post & telecommunications 0.008 0.014 0.002 0.008 0.001 0.000 0.003 0.002 0.002 0.024 0.063
0.003 0.026 0.003 0.002 0.001 0.000 0.003 0.002 0.002 0.017 0.059
0.010 0.012 0.002 0.003 0.000 0.000 0.007 0.002 0.002 0.018 0.054
0.006 0.008 0.001 0.003 0.000 0.000 0.004 0.001 0.001 0.020 0.044
Machinery & equipment, nec 0.005 0.009 0.002 0.001 0.000 0.000 0.002 0.001 0.001 0.012 0.033
Finance & insurance 0.003 0.007 0.001 0.004 0.000 0.000 0.001 0.001 0.001 0.009 0.027
0.004 0.004 0.001 0.001 0.000 0.000 0.002 0.001 0.001 0.011 0.023
Education 0.001 0.006 0.000 0.002 0.000 0.000 0.000 0.001 0.000 0.006 0.017
TOTAL 2.099 1.726 0.474 0.339 0.289 0.273 0.270 0.230 0.207 1.435 7.343
                       Economic Sectors 
                                          Using 
Economic Sectors 
Demanding
Land 
transport; 
transport via 
pipelines
Production, 
collection 
and 
distribution 
of electricity
Other non-
metallic 
mineral 
products
Pulp, paper, 
paper 
products, 
printing and 
publishing
Food 
products, 
beverages 
and tobacco
Chemicals 
excluding 
pharmaceuti
cals
Mining and 
quarrying 
(energy)
Coke, 
refined 
petroleum 
products and 
nuclear fuel
Other 
sectors
Land transport; transport via 
pipelines
Food products, beverages and 
tobacco
Production, collection and 
distribution of electricity
Motor vehicles, trailers & semi-
trailers
Textiles, textile products, 
leather and footwear
Other community, social & 
personal services
Manufacturing nec; recycling 
(include Furniture)
Manufacture of gas; distribution 
of gaseous fuels through mains
Pulp, paper, paper products, 
printing and publishing
Collection, purification and 
distribution of water
Electrical machinery & 
apparatus, nec
Radio, television & 
communication equipment
Wood and products of wood 
and cork
Other economic sectors
Manufacture of gas; distribution of gaseous fuels through mains
Manufacturing nec; recycling (include Furniture)
Other community, social & personal services
Textiles, textile products, leather and footwear
Motor vehicles, trailers & semi-trailers
Hotels & restaurants
Production, collection and distribution of electricity
Food products, beverages and tobacco
Construction
Land transport; transport via pipelines
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Land transport; transport 
via pipelines
Production, collection and 
distribution of electricity
Other non-metallic min-
eral products
Pulp, paper, paper 
products, printing and 
publishing
Construction Food products, beverages 
and tobacco
Chemicals excluding 
pharmaceuticals
Mining and quarrying 
(energy)
Coke, refined petroleum 
products and nuclear fuel
Other sectors
Fossil depletion (koe / cap / day)
De
m
a
n
di
n
g 
Ec
o
n
o
m
ic
 
Se
c
to
rs
industry was in third place for demand and in sixth for direct use. Although electricity was
the second most consuming sector, it came only in fourth place in relation to final demand.
The estimated households expenses amounted to 8,478 €/cap/year. A sensitivity analysis
was  done  varying  this  estimation  within  a  minimum  and  a  maximum  range.  A total
minimum expense of 6,327 €/cap/year was obtained by ignoring the fact that the purchase
power of Aveiro was 1.34 times higher than the national purchase power. A total maximum
expense of 10,534 €/cap/year was calculated by considering directly the national average
expenses per capita (without separation of family types) multiplied by 1.34 (ratio between
the purchase power in Aveiro and the national purchase power). The range found for GHG
emissions was 19.9 to 33.2 kg CO2-eq./cap/day and the range of fossil fuel depletion was
5.7 to 9.4 koe/cap/day.
4.4. Interpretation
A good way to check whether the results obtained are reasonable or not is to compare them
with other studies. Several results of past studies were summarized on Table 2.8.1 and will
be now used for this purpose. But first a comparison of the total GHG emissions and of the
total fossil fuel consumption will be done with national averages.
The National Accounts from the Portuguese Statistics Institute gives a total GHG emission
of Portugal in 2005 of 89,313,000 t CO2-eq. (INE, 2011d) and a total consumption of fossil
fuel  of  1,033,505,475  GJ  (INE,  2011e).  This  is  equal  to  approximately 23.6  kg  CO2-
eq./cap/day  and  6.5  koe/cap/day.  These  values  are  around  10%  lower  than  the  ones
achieved  to  Aveiro,  which were  25.8 kg CO2-eq./cap/day and 7.3 koe/cap/day.  This  is
reasonable, since the purchase power of Aveiro is 34% higher than the national average and
this fact was considered to estimate final consumption. In fact an even higher difference
could be expected, but it was not the case due to emissions neglected in this analysis (e.g.
the ones created by public demand of products and the ones generated by wastes). Impacts
from waste and sewerage could not be assigned directly to any economic sector of the IO
table. Hence, they were not considered in this analysis and it should be noted that they
accounted  to  around  1.5  kg  CO2-eq./cap/day  and  0.04  koe/cap/day  to  the  Portuguese
average (INE, 2011d,e).
The average Spanish diet analyzed by Muñoz et al. (2010) had a global warming impact of
5.75 kg CO2-eq./cap/day and a primary energy use of 1.3 koe/cap/day. These values are
close to the ones found for the food industry demand (5.04 kg CO2-eq./cap/day and 1.0
koe/cap/day). The methodology used by Muñoz et al. (2010) included wastewater and solid
waste impacts, what was not possible with this economic IO study, being this one of the
reasons for the slightly higher values found for Spain.
Foidart et al. (2010) found that the electricity mix of Belgium had a global warming impact
of  7.4  kg  CO2-eq./cap/day  in  the  year  2005  and  the  Spanish  one  was  9.2  kg  CO2-
eq./cap/day. The value obtained was 6.4 kg CO2-eq./cap/day to Aveiro electricity looking at
a emitter sector perspective. It  should be noted that if only final demand for electricity
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would be considered (excluding electricity used for other sectors to build their products or
services), this value would go down to 3.1 kg CO2-eq./cap/day. It was expected that the
Portuguese  value  would  be  higher,  since  Belgium and  Spain  electricity  mixes  have  a
relevant  share  of  nuclear  energy.  Differences  in  the  methodology  applied  and  in  the
economy situation may be the main reasons why the value found was lower. It should be
reminded that this IO analysis used average emission values of the Portuguese industry and
imports are assumed to have also the same emission intensity as national products. 
The economic IO study of Lisbon private households consumption of products carried out
by Rosado and Ferrão (2009) obtained a total embodied energy in products of around 0.91
koe/cap/day.  This  value  is  much smaller  than the  7.3  koe/cap/day found in  this  study.
However,  Rosado  and  Ferrão  (2009)  did  not  include  the  demand  for  land  transport,
construction, electricity, hotels & restaurants and many other sectors included here. The
value they obtained for “Food products,  beverages and tobacco” was 0.38 koe/cap/day,
which is much lower than the one obtained for the demand of this sector in Aveiro (1.00
koe/cap/day), but is closer to the direct fuel use of this sector for its own production (0.27
koe/cap/day). It is not clear if the results presented by Rosado and Ferrão (2009) are the
ones  for  the  sector  that  used  the  energy or  for  the  one that  was  demanding  it.  A big
difference was also found for the sector “Other non-metallic mineral products”, for which a
value of 0.15  koe/cap/day was found in Lisbon and a value of 0.47 koe/cap/day was found
here for the direct use of this sector (no final demand was assigned to this sector since it
mainly comes as raw material for the construction industry and other sectors). Differences
have most probably arisen from the consideration of more sectors in the final demand of
Aveiro (e.g. construction and land transport), but also from changes in the methodology
and year of analysis. It was observed an even higher difference, with a factor of 10³, for the
values of CO2 emissions presented, but it was found out that it was due to an error on the
statistical data used by Rosado and Ferrão (2009). A contact was made with INE and they
explained that some data of past years are in t CO2-eq. when they should be in 1,000 t CO2-
eq. With this change an emission value of 4.3 kg CO2-eq./cap/day was estimated in the
study of Lisbon. As presented before, the results of this study of Aveiro are closer to the
national averages and are, thus, seen as more comprehensive.
The carbon footprint study of Brookings Institution (2008) found for U.S. metropolitan
areas  an  emissions  range  of  2.26  to  6.00  kg  CO2/cap/day  for  transportation.  Aveiro's
emissions due to land transportation demand were estimated to be 5.6 kg CO2-eq./cap/day.
The range found for residential use of energy (mainly electricity and natural gas) was 0.96
to 5.37  kg CO2/cap/day,  while  in  Aveiro  the  electricity and  natural  gas  final  demands
caused together an emission of around 3.8 kg CO2-eq./cap/day. It should be noted that the
U.S. study accounted only for CO2 emissions and not for other GHG emissions and also
that our study considered upstream supply chain emissions. 
Kennedy et al. (2009) found on their analysis of ten global cities a range of total emissions
between  11.5  (Barcelona)  and  58.9  (Denver)  kg  CO2-eq./cap/day.  With  25.8  kg  CO2-
eq./cap/day Aveiro is within this range and close to its average. The same happened for
electricity consumption,  ground transportation and air  transportation.  The other  sectors
studied by Kennedy et al. (2009) were not included on this analysis: heating and industrial
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fuels, industrial processes and marine transportation because they were already accounted
for  with  the  LCA perspective  and  landfills  because  their  contribution  needed  to  be
neglected (as mentioned before).
Studying Denver (U.S.) CO2-eq. emissions with a partially consumption based approach
Ramaswami et al. (2008) found a total emission of 69.9 kg CO2-eq./cap/day. This value is
more  than  double  of  the  one  found  to  Aveiro,  but  this  is  reasonable  due  to  also  big
differences on national average emissions between U.S. and Portugal. Another reason for
this bigger value might be the fact that Ramaswami et al. (2008) included electricity and
natural gas emissions of industrial buildings as well, being this the reason why we do not
consider it to be a completely consumption based approach. Huge differences are observed
for electricity, natural gas, road transport and air transport. But it is interesting to compare
the emissions coming from fuel production (5.2 kg CO2-eq./cap/day or around 7% of the
total),  cement  production  (1.4  kg  CO2-eq./cap/day)  and  food  production  (6.6  kg  CO2-
eq./cap/day).  In  Aveiro  the  emissions  released  by  the  sectors  “Mining  and  quarrying
(energy)” and “Coke, refined petroleum products and nuclear fuels” amounted together to
1.3 kg CO2-eq./cap/day or around 5% of the total emissions. The estimated emissions from
the  sector  “Non-metallic  mineral  products”  were  2.2  kg  CO2-eq./cap/day,  from which
cement  production  is  one  of  the  main  contributors  (it  was  not  possible  with  the  IO
approach to get values only for cement). The demand for food caused a total emission of
5.0 kg CO2-eq./cap/day. 
It can be seen that the present study had a reasonable agreement with nearly all past studies
analyzed. The use of a more disaggregated and complete IO table would improve results.
This new IO table should include also wastewater, solid waste and recycling sectors. The
consideration of public expenses could be also a great improvement and it was not done
due to the lack of time. City scale information on private household expenses would help
to get better quality of data (no downscaling would be needed). Ways to account for the
different emission intensities of imports are also desirable.
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5. Process LCA
5.1. Goal and Scope Definition
The objective of this chapter was to make a process LCA for the residential, commerce,
services and transport demands in the year 2008 of the city of Aveiro at the county level,
considering  as  many  input  products  as  possible.  With  the  results  of  this  study  the
consumption-based environmental impacts caused by the 73,335 inhabitants of this city
were assessed for the whole life cycle of some considered products. A further comparison
with other methodologies of urban metabolism and with other cities was also possible. The
functional unity was defined to be the consumption of one citizen per day and for most
products  the  consumption  was  assigned  in  kg  per  capita  per  day  (kg/cap/day).  The
definition of the products to be considered was based on their relevance in terms of mass
and economic share within their correspondent industry. National data of industry sales to
the domestic market by product type were obtained from the Portuguese National Statistics
Institute (INE, 2011a,b) in Euros for 2008. Imports by product type were obtained also in
Euros for the year 2008 from the International Trade Center (ITC, 2011). As these data on
industry sales and imports are available only at the national scale, a downscaling approach
very similar to the one used by Niza et al. (2009) was applied in order to obtain data for the
city of Aveiro. Niza et al. (2009) found that the city’s consumption is a function of the
number of workers for most of the materials. Thus, the downscaling technique consisted of
multiplying national data by a factor of 0.77%, which is the local employed population
divided  by  the  national  employed  population  (INE,  2011c).  Conversion  of  product
consumption  in  Euros  to  physical  units  was  carried  out  also  using the  information  of
industry sales (INE, 2011a), which were both in monetary and physical units. Imports were
assumed to have the same prices as national products. Figure 5.1.1 shows the methodology
used in a scheme with each step taken.
Figure 5.1.1. Scheme of the methodology used in this study: downscaling of national data
followed by process LCA.
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The impact assessment methodology used was the ReCiPe 2008 (Goedkoop et al., 2009). It
was decided to use  two midpoint impact categories (climate change (CC) and fossil fuel
depletion (FD)) and one endpoint impact category. The endpoint indicator used was the
single one, which sums the contribution of nearly all midpoint categories to the damage to
human health, ecosystem diversity and to resource availability.  Some relevant midpoint
categories such as marine eutrophication and water depletion are not considered in the
endpoint  indicator  of  ReCiPe  2008  because  no  quantitative  connection  could  be
established. It is known that an aggregation of impacts in a single indicator is questionable,
but due to the amount of information and lack of time to analyze more impact categories, it
was decided to use the endpoint indicator. 
A total  of  83  products/processes  were  taken  into  account.  Ecoinvent  (2007)  was  the
database used for 58 products (70% of the total), using version 2.0 of the database and
excluding infrastructure impacts.  The EU-27 Input  Output Database (Schmidt  and 2.-0
LCA consultants, 2010) was used for 7 products of the food, drinks and tobacco group and
USA Input Output Database 98 (Suh, 2003) was used for 2 drink products. The European
Reference Life Cycle Database (ELCD, 2011) was used for 2 products and BUWAL250
database (Spriensma, 2004) was used for 1 product. For 7 products it was necessary to
make an average  using more than one of  these databases  because none of  them alone
described the exact product (6 out of these 7 products with averaged impacts were food
products and the other was aluminum cans). For 6 products the following scientific papers
were used: Milà et al. (1998) and Milà I Canals et al. (2002) for footwear, Hanssen et al.
(2007) for juice, bottled water, soft drinks and beer and Büsser and Jungbluth (2009) for
coffee. It was not possible to assign an endpoint impact for these products that had impacts
taken from the literature, so only CC and FD were analyzed for them. The Danish LCA
Food database (Nielsen  et  al.,  2003)  was used  to  get  averaged  impact  data  of  4  food
products and only to compare data of other 4 food products. All databases were accessed
through SimaPro. A simple sensitivity analysis was done for CC taking the smallest and the
highest impact data found for each product.  It was attempted to take only cradle-to-gate
data from the databases and from the scientific papers where possible, to avoid double
counting.  For  example,  transportation  of  products  to  the  final  consumers  and  their
commerce (wholesale and retail) were not included in the life cycle of the impact data,
since  fuel  consumption  and  electricity  impacts  were  considered  as  separate  products.
Cooking was not included in the life cycle of food products because the impacts of fuel and
water  consumption  were  considered  separately.  Final  destination  of  products  was  not
included in their life cycle because the impacts of solid waste were also taken into account
as a separate process.
The downscaled inventoried results were compared with the MFA presented in chapter 3
and adapted where necessary and possible. The MFA in chapter 3 was also used to include
water consumption and the outputs of wastewater and solid waste. In order to avoid double
counting of impacts some products that seemed to be mainly for industrial consumption
were excluded from this analysis. Where LCA impact data was available in the databases
only the products closer to the consumer were considered (e.g. cars instead of their parts or
metals). If the LCA impact data was not available for a product in the bottom of the supply
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chain, the products in the upper supply chain industry were considered (e.g. textile fabrics
and fibers instead of clothes). However it is important to know that a relevant share of their
impacts was neglected with this assumption (it will be indicated where it was needed).
5.2. Inventory Analysis
The input data were obtained with the downscaling approach described in section 5.1 and
are presented in Tables 5.2.1, 5.2.2, 5.2.4 and 5.2.5. Table 5.2.1 presents the estimation of
food, drinks and tobacco inputs.
Table 5.2.1. Food, drinks and tobacco inputs
The 1st column lists the products that were considered. Portuguese industry sales to the
internal market in million Euros are listed in the 2nd column. The 3rd column shows the
imports and it is followed by the total  national consumption (sum of the previous two
columns). Aveiro consumption is then presented in the 5th column, which was estimated
with  the  downscaling  factor  of  0.77% mentioned  before.  The  physical  unit  for  which
national industry sales were available is then shown in the 6th column for each product and
it is followed by the average prices (industry sales prices and not final consumer prices).
Dividing the consumption of  Aveiro in monetary units  by the average prices,  the total
consumption of Aveiro in the year 2008 was estimated in physical units (8th column). It was
then divided by the total population (73,335 inhabitants) and by 365 days to get a daily
consumption per capita in the 9th column. The last column changed all physical units to kg
where necessary, using rough estimations.   
The thirteen food products considered were wheat, milk and derivatives, fruits, vegetables
65
Product Unit € / unit
Food 4,917 4,471 9,387 72.3 64,229,693 2.400 2.400
Wheat 319 321 640 4.9 kg 0.352 13,998,038 0.523 0.523
Milk and derivatives 1,222 483 1,706 13.1 kg 1.163 11,290,760 0.422 0.422
417 834 1,251 9.6 kg 1.148 8,393,765 0.314 0.314
34 342 376 2.9 kg 0.305 9,491,012 0.355 0.355
Sugar 176 232 408 3.1 kg 0.637 4,930,110 0.184 0.184
Olive Oil & other oils 293 379 671 5.2 kg 1.223 4,225,024 0.158 0.158
Pork 509 254 764 5.9 kg 2.036 2,888,939 0.108 0.108
Fish and other sea food 565 947 1,512 11.6 kg 4.574 2,545,485 0.095 0.095
Rice 133 57 190 1.5 kg 0.697 2,102,300 0.079 0.079
Chicken 403 65 468 3.6 kg 1.930 1,867,143 0.070 0.070
Meat products 429 91 520 4.0 kg 3.087 1,296,900 0.048 0.048
Bovine beef 128 335 462 3.6 kg 4.612 772,183 0.029 0.029
Coffee 288 132 419 3.2 kg 7.544 428,033 0.016 0.016
Drinks 1,934 431 2,365 18.2 22,850,619 0.854 0.854
Mineral water 234 4 238 1.8 L 0.226 8,118,145 0.303 0.303
Beer 493 17 510 3.9 L 0.757 5,183,408 0.194 0.194
Soft drinks 541 96 637 4.9 L 0.953 5,144,926 0.192 0.192
Wine 472 84 556 4.3 L 1.763 2,426,737 0.091 0.091
Juices 136 59 195 1.5 L 1.012 1,481,648 0.055 0.055
Other alcoholic drinks 59 172 231 1.8 L 3.584 495,754 0.019 0.019
Tobacco 84.3 39.9 124.2 0.96 0.004
Cigarette 75.0 35.1 110.1 0.85 nº 0.015 55,169,398 2.061 0.0031
Tobacco for piping 9.2 4.8 14.1 0.11 kg 5.070 21,351 0.0008 0.0008
* Weight of drink products was estimated considering 1 L = 1 kg for all of them and weight of cigarettes was estimated considering 1 cigarette = 1.5 g.
Industry Sales 
to Internal 
Market (mil.€)
Imports 
(mil.€)
National 
Consumption 
(mil.€)
Aveiro 
Consumption 
(mil.€)
Aveiro 
Consumption 
(unit)
Aveiro 
Consumption 
(unit/cap/day)
Estimated* 
Consumption 
(kg/cap/day)
Fruits, vegetables and 
potatoes
Corn and other cereals 
(except wheat)
and potatoes, corn and other cereals, sugar, olive oil and other oils, pork, fish and other
seafood, rice, chicken, meat products, bovine beef and coffee. Final food products such as
bread,  sweets,  pizzas,  pasta  and  others  were  excluded  to  avoid  double  counting  and
because their impacts were not available in the LCA databases used. With exception of
these final food products and of food for animal production, the estimation comprehended
all products of the food industry. The total input obtained was 2.4 kg/cap/day, which is
very close  to  the  value  previously presented in  the MFA (2.26  kg/cap/day).  The most
consumed food product was wheat (0.52 kg/cap/day) followed by milk and derivatives
(0.42 kg/cap/day). The analysis of drinks comprehended six products: mineral water, beer,
soft drinks, wine, juices and other alcoholic drinks. The reference unit available on the
industrial production data was liters. Mineral water had the highest consumption of drinks
(0.303 L/cap/day), followed by beer and soft drinks (0.194 L/cap/day and 0.192 L/cap/day
respectively). The total consumption of drinks was 0.854 L/cap/day, a value slightly higher
than the previously presented in the MFA (0.74 kg/cap/day). Total consumption of tobacco
was estimated to be around 0.004 kg/cap/day.
For the energy industry only oil products, biofuel and electricity information was available
on  the  industry  sales.  Wood  for  energetic  uses  and  natural  gas  information  was  not
available. The energy inputs estimation, following the same methodology described before,
is presented in Table 5.2.2.
Table 5.2.2. Energy inputs
The five energy products estimated were diesel, gasoline, jet fuel, biofuel and electricity.
The imports of diesel, gasoline and jet fuel were aggregated at first and a split was made
considering their shares of national industry sales. No data was found for the imports of
biofuel.  The  total  estimated  weight  of  energy  consumption  was  3.568  kg/cap/day.  A
comparison is possible with the data presented in chapter 3 for the MFA of Aveiro, which is
shown in Table 5.2.3.
Table 5.2.3. Non-industrial and non-agricultural energy consumption in Aveiro previously
estimated in the MFA
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Product Unit € / unit
Energy 7,115 2,163 9,278 71.4 3.568
Diesel 2,317 926 3,243 25.0 kg 0.635 39,319,365 1.469 1.469
Electricity 3,180 666 3,846 29.6 kWh 0.085 346,731,958 12.954 1.114
Gasoline 1,008 403 1,411 10.9 kg 0.596 18,234,816 0.681 0.681
Jet fuel (aviation) 419 168 587 4.5 kg 0.682 6,627,422 0.248 0.248
Biofuel 192 - 192 1.5 kg 0.982 1,502,380 0.056 0.056
* Weight of electricity was estimated considering 1 kWh = 0.086 koe. 
Industry Sales 
to Internal 
Market (mil.€)
Imports 
(mil.€)
National 
Consumption 
(mil.€)
Aveiro 
Consumption 
(mil.€)
Aveiro 
Consumption 
(unit)
Aveiro 
Consumption 
(unit/cap/day)
Estimated* Aveiro 
Consumption 
(kg/cap/day)
Energy Source
Oil Products 71.31 2.664 9.6% 82.6% 7.7%
Electricity 23.61 0.882 39.3% 0.0% 60.3%
Gas 7.11 0.266 67.1% 0.0% 32.9%
Biomass 13.06 0.488 100.0% 0.0% 0.0%
Liquid Biofuels 1.22 0.045 0.0% 100.0% 0.0%
TOTAL 116.64 4.358 29.3% 51.5% 19.1%
Aveiro 
Consumption 
(1000 toe / year)
Individual 
Consumption 
(koe / cap / day)
Residential 
Share
Transportation 
Share
Commerce and 
Services Share
Summing all oil product quantities estimated with downscaling (diesel, gasoline and jet
fuel) a value of 2.40 koe/cap/day is achieved, which is close to the one found in the MFA.
This value includes all the transportation sector demand (also transportation of goods). The
MFA value for electricity was 20% lower than the downscaled value. This indicates that
the downscaling technique used was not able to properly exclude the industrial share of
electricity consumption. Hence, it was decided to reduce the input value of electricity by
this  percentage,  getting  an  input  of  10.36  kWh/cap/day  or  0.891  koe/cap/day  (the
functional unit in LCA databases for electricity is 1 kWh). It should be noted that 60% of
Aveiro's electricity consumption was due to commerce and services and not to residential
use. The input of liquid biofuels had close values for both methods. Since the downscaling
method could not estimate natural gas and biomass, the MFA values for these products
were adopted in this process LCA. Natural gas consumption estimated in the MFA was
0.27 koe/cap/day (excluding electricity production and other industrial uses). Household
biomass consumption was 0.49 koe/cap/day in the MFA. 
The inputs of materials for the construction industry are listed in Table 5.2.4.
Table 5.2.4. Materials for the construction industry
The ten non-metallic mineral products analyzed were concrete, cement, bricks, mortar and
plaster,  asphalt,  roofing  tiles,  wall  and  paving  tiles,  ceramic  pipes,  domestic  ceramics
(ornamental) and sanitary ceramics. The total weight of mineral (non-metallic) inputs was
10.932 kg/cap/day, being concrete the heaviest contribution (6.474 kg/cap/day) and cement
the second heaviest (2.074 kg/cap/day). As the MFA on chapter 3 considered only water,
energy, food and drink inputs, no direct comparison was possible. Niza et al. (2009) found
an input of non-metallic minerals of 35.52 kg/cap/day in Lisbon. By adding all the non-
metallic mineral inputs of the Portuguese extraction industry (INE, 2011c) a value of 24.2
kg/cap/day  is  added  to  Aveiro's  inputs,  what  matches  very  well  with  the  difference
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Product Unit € / unit
Minerals (non-metallic) 1,485 214 1,699 13.1 10.932
Concrete 499.5 17.0 516.6 3.98 kg 0.023 173,290,805 6.474 6.474
Cement 488.2 15.1 503.2 3.87 kg 0.070 55,508,622 2.074 2.074
Bricks 52.9 1.2 54.2 0.42 m³ 16.889 24,701 0.001 1.292
Mortar & plaster 53.2 39.6 92.9 0.71 kg 0.056 12,690,790 0.474 0.474
Asphalt 34.4 13.8 48.2 0.37 kg 0.042 8,780,298 0.328 0.328
Roofing tiles 53.9 1.2 55.1 0.42 n° 0.369 1,149,801 0.043 0.107
Wall and paving tiles 186.2 73.7 259.9 2.00 m² 7.345 272,436 0.010 0.081
Ceramic pipes 21.9 0.4 22.2 0.17 kg 0.086 1,983,901 0.074 0.074
Domestic ceramics (ornamental) 58.1 31.0 89.1 0.69 kg 1.473 465,572 0.017 0.017
Sanitary ceramics 37.0 20.6 57.6 0.44 n° 24.387 18,172 0.001 0.010
Other construction materials 860 957 1,816 14.0 0.519
Ink, resin & varnish 346.8 420.4 767.2 5.91 kg 1.81 3,262,174 0.122 0.122
Wood particles panels 99.6 24.2 123.8 0.95 m³ 231.93 4,110 0.000 0.112
Wood fibers panels 47.7 66.8 114.5 0.88 m² 3.38 260,571 0.010 0.079
Flat glass (exc. for vehicles) 72.5 54.8 127.3 0.98 m² 11.71 83,771 0.003 0.063
Steel and iron profiles 26.1 223.6 249.7 1.92 kg 1.35 1,422,288 0.053 0.053
Wood doors 114.9 21.0 135.9 1.05 n° 56.91 18,393 0.001 0.041
PVC tubes 39.5 45.8 85.3 0.66 kg 1.29 507,307 0.019 0.019
Ethylene tubes 28.8 33.4 62.1 0.48 kg 1.62 295,597 0.011 0.011
Steel profiles with zinc 30.0 - 30.0 0.23 kg 1.07 215,518 0.008 0.008
Copper bars and profiles 23.1 30.3 53.4 0.41 kg 3.34 123,228 0.005 0.005
Propylene tubes 13.0 15.0 28.0 0.22 kg 1.92 112,405 0.004 0.004
Stainless steel bars 17.6 21.3 38.9 0.30 kg 3.91 76,704 0.003 0.003
Industry Sales 
to Internal 
Market (mil.€)
Imports 
(mil.€)
National 
Consumption 
(mil.€)
Aveiro 
Consumption 
(mil.€)
Aveiro 
Consumption 
(unit)
Aveiro 
Consumption 
(unit/cap/day)
Estimated* 
Consumption 
(kg/cap/day)
* Weight was roughly estimated considering 1 m² of wall and paving tiles = 8 kg, 1 roofing tile = 2.5 kg, 1 m³ of bricks = 1400 kg, 1 sanitary ceramic = 15 kg, 1 door 
= 60 kg, 1 m² of fiber panel = 8.1 kg (900 kg/m³ x 0.009 m), 1 m³ of particle panel = 730 kg and 1 m² of flat glass = 20 kg (2,500 kg/m³ x 0.008 m).
obtained. The current  study used industry sales  information, which did not include the
extraction industry direct sales. However, analyzing these 24.2 kg/cap/day, the major part
(54.2%) is composed of chalky, which is mainly used as raw material for other products
(e.g. cement, lime and glass). Other materials listed on these minerals extracted were also
mainly used as raw materials (e.g. clay). The two products listed that are mainly used by
the  construction  industry are  granite  and  sand,  which  had  a  weight  of  5.54  and  3.15
kg/cap/day  respectively.  Part  of  these  weights  was  probably  already  included  as  raw
material to produce the 6.474 kg/cap/day of concrete, so only half of it  will be further
considered in the impact assessment (2.77 kg/cap/day of granite and 1.58 kg/cap/day of
sand). It should be noted that the values found here were also much closer to the ones of
Greater London for the year 2000 (BFF, 2002), in which non-metallic minerals inputs were
10.7 kg/cap/day.
The other construction materials considered were ink, resin and varnish, wood particles
panels,  wood  fibers  panels,  flat  glass,  steel  and  iron  profiles,  wood  doors,  polyvinyl-
chloride (PVC) tubes, ethylene tubes, steel profiles with zinc, copper bars and profiles,
propylene  tubes  and  stainless  steel  bars.  Ink,  resin  and  varnish  were  the  heaviest
contribution  of  this  group  with  0.122  kg/cap/day,  but  no  clear  distinction  was  made
between  its  use  as  raw material  for  other  industries  or  for  construction  (some  double
counting may happen). Despite of this uncertainty, it was decided to keep this product in
the analysis to check its relevance on the impacts for further and more detailed analysis.
Several  other  materials  were  left  out,  such  as  steel  and  iron  bars,  limestone,  gypsum
products and others due to lack of data on their use as raw materials of other industries or
as  final  products  for  construction.  Industry  sales  data  were  available  for  marble  and
ornamental granite, but no LCA impact data was found for these products. 
All the other products selected in this study are listed in Table 5.2.5. The 28 other products
included were mainly packaging materials (glass bottles, plastic bottles, metal cans and
packaging paper), paper, glass and plastic for other uses, textiles, vehicles, computers and
television.  The  total  estimated  weight  for  the  other  products  considered  was  1.409
kg/cap/day, being glass and paper the major contributors. Many products were left out of
the analysis because no impact data was found in the used databases or in scientific papers,
such as trailers, small boats, furniture, refrigerator, freezers and other household machines
and apparatus. Some final products were also excluded due to the lack of impact data, but
their raw materials in the upper supply chain industry were considered. This was the case
for paper products, such as books, newspapers, magazines and others. Clothes also needed
to be considered in the upper supply chain industry of textiles production due to the lack of
impact data.
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Table 5.2.5. Inputs of other products
Several products had their weights roughly estimated, but it was mainly for aggregation
purposes, since many of the functional units of the LCA database impact data were not in
kg (e.g. the functional unit available for vehicles is number of vehicles and not weight).
Moreover,  with the estimated weights it  was possible to complete the MFA previously
presented in Chapter 3. The estimated MFA is shown in Figure 5.2.1. The heaviest weight
of the products comes from construction materials (15.8 kg/cap/day), followed by energy
(4.1  kg/cap/day),  food,  drinks  and  tobacco  (3.3  kg/cap/day)  and  other  products  (1.4
kg/cap/day). Summing up all the mentioned weights of the four groups considered we get a
total  input  of  products  equal  to  24.6  kg/cap/day.  The  downscaled  information  of  this
inventory comprehended a total  of 76 products.  Other 4 products were added after the
downscaling, since information for them was missing (natural gas, wood for energy, sand
and granite).  The fluxes of water, wastewater and solid waste were obtained from local
data (SMA, 2008) as referred in Chapter 3. C&DW was added to the local data of MSW
using data found in the literature. This was done due to the lack of data on C&DW for
Aveiro  and with the  only purpose  of  getting a  better  picture  for  the  MFA of  the city
(C&DW will not be included in the process LCA since they are mainly inert wastes and
were assumed to have a negligible impact). Tchobanoglous and Kreith (2002) made an
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Product Unit € / unit
Other products 3,098 8,560 11,658 89.8 1.409
Glass bottles 231.4 67.1 298.5 2.30 n° 0.08 28,349,470 1.059 0.530
135.8 451.2 587.0 4.52 kg 0.51 8,855,463 0.331 0.331
Passenger vehicles 370.9 3,212.2 3,583.1 27.59 n° 17,662 1,562 0.000058 0.117
Corrugated paper 284.0 7.2 291.2 2.24 kg 0.80 2,796,974 0.104 0.104
114.3 266.8 381.1 2.93 kg 1.56 1,876,247 0.070 0.070
Other packaging paper 147.1 66.3 213.4 1.64 kg 1.33 1,232,158 0.046 0.046
Cork 381.9 124.8 506.7 3.90 kg 3.34 1,167,469 0.044 0.044
Ethylene bags 121.5 107.3 228.8 1.76 kg 1.97 892,768 0.033 0.033
58.2 51.4 109.5 0.84 n° 0.06 13,917,558 0.520 0.026
74.5 120.3 194.9 1.50 kg 2.80 535,921 0.020 0.020
Heavy Duty Trucks – HDT 45.0 707.6 752.6 5.79 n° 150000** 39 0.0000014 0.014
79.8 55.3 135.1 1.04 kg 3.66 283,830 0.011 0.011
Clothes of knitted fabrics (yarn) 157.8 706.2 864.1 6.65 n° 5.83 1,140,689 0.043 0.009
89.5 129.2 218.7 1.68 kg 7.57 222,451 0.008 0.008
Cast-iron, iron and steel cans 64.3 51.7 116.0 0.89 n° 0.20 4,551,272 0.170 0.007
Plastic wares for sanitary uses 48.1 34.5 82.7 0.64 n° 11.61 54,844 0.002 0.006
Carpets 14.1 63.4 77.5 0.60 m² 7.28 82,011 0.003 0.005
Television 41.5 - 41.5 0.32 n° 55 5,849 0.000 0.004
Clothes of other textile fabrics 267.1 726.4 993.5 7.65 n° 13.38 571,699 0.021 0.004
Footwear 204.2 380.9 585.1 4.51 21.10 213,580 0.008 0.004
Kitchen and table glassware 18.4 40.8 59.2 0.46 n° 0.68 674,815 0.025 0.004
Aluminum cans 12.6 59.4 71.9 0.55 n° 0.11 5,074,724 0.190 0.003
39.3 936.6 975.9 7.51 n° 346 21,695 0.00081 0.002
Motorcycles, side-cars 3.2 62.4 65.6 0.51 n° 2000** 253 0.0000094 0.002
11.6 47.8 59.3 0.46 n° 104,414 4 0.00000016 0.002
13.7 0.0 13.7 0.11 n° 14,830 7 0.00000027 0.001
54.1 58.0 112.1 0.86 n° 0.55 1,581,954 0.059 0.001
Bicycles 14.7 24.7 39.5 0.30 n° 108 2,826 0.00011 0.001
** Estimated prices, due to lack of information of industry sales on physical units.
Industry Sales 
to Internal 
Market (mil.€)
Imports 
(mil.€)
National 
Consumption 
(mil.€)
Aveiro 
Consumption 
(mil.€)
Aveiro 
Consumption 
(unit)
Aveiro 
Consumption 
(unit/cap/day)
Estimated* 
Consumption 
(kg/cap/day)
Paper and cardboard (non-
corrugated)
Domestic paper (toilet p., napkin, 
etc)
Plastic bottles and recipients (until 
2 L)
Stationary paper (office, graphic, 
envelopes, labels, etc)
Plastic wares for domestic 
appliances 
Household fabrics (blankets, 
kitchen and cleaning towels)
n° 
(pairs)
Computers (both desktop and 
laptop)
Public-transport type passenger 
vehicles
Light Duty Vehicles – LDV (until 5 
t)
Socks and underwear of knitted 
fabrics (yarn)
* Weight was roughly estimated considering 1 cloth = 200 g, 1 sock or underwear = 20 g, 1 footwear = 500 g, 1 m² of carpet = 1.5 kg, 1 plastic bottle = 50 g, 1 sanitary 
plastic ware = 3 kg, 1 glass bottle = 500 g, 1 kitchen glassware = 150 g, 1 aluminum can = 14 g, 1 cast-iron can = 40 g, 1 computer = 3 kg, 1 television = 20 kg, 1 
passenger vehicle = 2 t, 1 public vehicle = 10 t, 1 LDV = 5 t, 1 HDT = 10 t, 1 bicycle = 10 kg and 1 motorcycle = 0.2 t.
extensive study of the U.S. reality and provided a C&DW total generation equal to 62% of
the MSW. This percentage was adopted for Aveiro.
Figure 5.2.1. MFA of Aveiro's residence, transport, commerce and services consumption
The net accumulation was estimated summing the construction material inputs with the
part of other products that would remain in the city for more than 1 year and subtracting
the estimated C&DW volume. By mass balance it was roughly estimated the output of air
emissions and net balancing items. Balancing items are the flows that must be included in
the balance in order to have it balanced, but are not relevant in an ecological perspective
(e.g.  input  of  oxygen  for  the  burning  processes,  output  of  water  by  evaporation  or
irrigation).  For  simplification  they  were  only  included  as  a  net  addition  to  the  air
emissions. The impact assessment took into account tap water consumption, wastewater
and solid waste, using Ecoinvent for the first two processes and ELCD database for solid
waste. The air emissions impacts were also considered indirectly by the LCA emissions of
fossil fuel combustion and other processes. The recycled solid waste share (around 6% of
the MSW) was neglected in this analysis.
5.3. Impact Assessment
The impacts of the four groups of products considered (aggregated) and of solid waste,
sewage and tap water processes are presented in Figure 5.3.1.
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Figure 5.3.1. Impacts of considered products and processes on: a) CC; b) FD; c) ReCiPe
endpoint; d) CC range for different LCA impact data (products without range mean that
only one LCA database impact data was found).
The total impacts estimated were 27.3 kg CO2-eq./cap/day (CC), 7.9 koe/cap/day (FD) and
3.0 points (Pt)/cap/day (ReCiPe endpoint). As expected, the energy products had higher
impacts in all categories, with around 54% of the CC impact (14.7 kg CO2-eq./cap/day),
64% of FD (5.0 koe/cap/day)  and 55% of the endpoint  impact (1.7  Pt/cap/day).  Food,
drinks and tobacco products were in second place with 25% of the impacts on CC (6.8 kg
CO2-eq./cap/day),  17% of  FD (1.3  koe/cap/day)  and  20% of  the  endpoint  impact  (0.6
Pt/cap/day). The group of selected other products was in third place with 9%, 10% and
14%  of  the  impacts  on  CC,  FD  and  the  endpoint  impact  respectively.  Construction
materials  came in  4th place  with 7%, 9% and  8% of  the impacts  on  CC,  FD and  the
endpoint impact respectively. The impacts of solid waste, wastewater and tap water were
small. The only contributions of these processes that were higher than 0.3% were the ones
of  solid  waste on CC (5%) and on the endpoint  impact  (2%).  A simplified sensitivity
analysis for CC was also carried out using different LCA database impact data available for
the considered products and processes (Figure 5.3.1.d). It can be seen that the widest range
obtained (the higher uncertainty) was for food, drinks and tobacco products. This will be
further discussed when analyzing each individual group in detail. The minimum CC impact
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summing all groups was 22.3 kg CO2-eq./cap/day and the maximum was 34.2 kg CO2-
eq./cap/day. The impacts of energy products are shown in Figure 5.3.2.
Figure 5.3.2. Impacts of energy products on: a) CC; b) FD; c) ReCiPe endpoint; d) CC
range for different  LCA impact data (products without range mean that  only one LCA
database impact data was found).
Most impact came from electricity consumption in all  categories analyzed with 6.2 kg
CO2-eq./cap/day (42% of the energy products CC impacts), 2.0 koe/cap/day (39% of FD)
and 0.67 Pt/cap/day (40% of the endpoint). The LCA database impact data were taken from
Ecoinvent and were specific for the Portuguese electricity supply mix. No other impact
data was available for Portugal, so no range of sensitivity was assigned to climate change
impact  of  electricity.  Diesel  was  the  second  product  with  most  impacts:  3.4  kg  CO2-
eq./cap/day (23% of CC), 1.2 koe/cap/day (24% of FD) and 0.38 Pt/cap/day (23% of the
endpoint).  Gasoline  had  around 13% of  the  impacts  in  all  categories,  natural  gas  had
around 11% and jet fuel contributed to 9%. Wood and biofuel impacts were very low in
comparison with the others. Oil products CC impact range resulted from three different
ways of estimation: 
− Using Ecoinvent impact data for the production of fuels (kg as functional unit) and
adding the direct emissions of GHG with factors given by Kennedy et al. (2010)
per megajoule (MJ) of each fuel.
− Using life cycle emissions of fuel utilization in MJ given by Kennedy et al. (2010).
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− Using life cycle impacts available in Ecoinvent for transportation with person x km
as the functional unit. The kilometers traveled with each fuel type were estimated
considering 1 L = 12 person x km for diesel and gasoline (Kennedy et al., 2010).
For jet fuel there was a range of 0.03 L / passenger x km (Boeing 747, 2011) to 0.14
L / passenger x km (Concorde, 2011) or 1 L = 33 to 7 person x km. An intermediate
value of 1 L = 25 person x km was selected, which was closer to the Boeing 747
information.
The last way of estimation was the used one, since it had more complete information for all
impact categories. Kennedy et al. (2010) factors were only for CC. The CC impact values
obtained with the last approach for diesel and gasoline were around 30% lower than with
the other two approaches. For jet fuel the CC values were a bit higher in the last approach.
This explains the resulting sensitivity range. For biofuels there were impact data of biofuel
production (kg) and of utilization for transport (person x km) in Ecoinvent. The latter was
used with similar assumptions as for diesel. Several impact data were available for heat
coming from natural gas and from wood burning in Ecoinvent and all were considered in
the sensitivity analysis.
Figure 5.3.3 presents the impacts of food, drinks and tobacco products. The products were
classified from the ones with highest to the ones with lowest endpoint impact. It should be
reminded that  beer,  coffee,  mineral  water,  soft  drinks  and juices were  the last  ones  in
relation  to  the  endpoint  impact  only because  no  impact  was  assigned  for  them at  the
endpoint level, since their impacts were taken from scientific papers. But beer and coffee
had relevant contributions to FD and CC, though not among the 12 highest ones that were
mainly food products. Fish and other seafood had the major contribution in all categories,
with 14% on CC, 25% on FD and 16% on the endpoint impact. There was a high range of
sensitivity  associated  with  this  group  of  products  because  several  impact  data  were
available from the Danish LCA Food database going from herring fillet (the lowest values)
to lobster (the highest values). Wheat was the second highest in the endpoint impact with
14%, but it had only 6% of the CC and 5% of FD impacts (its high endpoint value is
mainly due to other impact categories). Several impact data from different databases were
available for wheat grains and flour and they all had close values, being this the reason for
the short sensitivity range observed. Fruits, vegetables and potatoes were in 3rd place for
the endpoint impact with 10%, 3rd place for CC with 10% (after fish and bovine beef) and
2nd place  for  FD  with  11%.  Their  sensitivity  range  was  high  because  the  two  values
available were very different, being one for potato (the lower one) and the other for fruits
and vegetables (the higher one). The average of both values was taken since no information
on the  exact  quantities  of  each product  was available.  It  is  interesting to  observe that
bovine beef was the 2nd highest in relation to CC with 10% of the contribution, but it was
only the 8th most relevant product for the endpoint and the 10th for FD. This indicates that it
might not be good to take only CC in account. The CC sensitivity range for bovine beef
was the highest one because it considered all cattle meat available in the Danish LCA Food
database,  from Round and Flanchet (parts with lowest  values) to Tenderloin (part  with
highest value). 
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The fact that fish and other seafood had the major contribution to impacts does not mean
that it is worse to consume fish than other products as meat for example. What determines
which product is worse for the environment is its impact data and not its total impact.
Figure 5.3.4 shows the used impact data of food products as an example, which enables
one to see that bovine beef has values higher than fish both for CC and for the endpoint
impact. Fish and other seafood caused a higher total  impact because their consumption
(0.095 kg/cap/day) was higher than the consumption of bovine beef (0.029 kg/cap/day).
Since the functional units of other products usually vary, no direct comparison of impact
data per kg will be made as it was done for food. However, it should be kept in mind that
the  fact  that  one  product  had  the  major  impact  does  not  necessarily  indicate  that  its
consumption should be avoided. It only indicates that it is a relevant product in relation to
environmental impacts of the city consumption and that further study should be carried out
to find ways to reduce its impacts. It is also interesting to see that all meat products have
higher impact data than products coming from plants. However, even though the impact
data of wheat and fruits, vegetables and potatoes are relatively low, their consumed weight
was so high that  they became two of  the most  important  groups of  products  for  total
impacts.
The impacts of the group named as “other products” can be seen in Figure 5.3.5. The most
relevant product on the endpoint impact was paper and cardboard (non-corrugated) with
26% of the total load. However, glass bottles were the major contributors to CC (18%) and
to FD (21%). Surprisingly, passenger vehicles came in 3rd for all categories and computers
came in  5th for  the endpoint  and FD and 4th for  CC.  They were the only long lasting
products  within  the  14  more  relevant  products  for  the  endpoint  impact.  Four  of  the
remaining 12 were paper products (1st, 4th, 6th  and 7th positions for the endpoint impact),
four were textile products (8th, 9th, 11th and 13th positions), three were plastic products (10th,
12th,  14th positions) and one was glass (2nd position).  It  was also interesting to see that
aluminum, cast iron, iron and steel cans had very low impacts. Most of the other products
with lower impacts were the different types of vehicles. Footwear did not have an endpoint
impact assigned, since its CC and FD impacts were taken from scientific papers, but it had
a significant contribution to the total CC impact (10th highest). For most “other products” it
was not possible to have a sensitivity range because only one impact data was found. But
for those that had a range it was relatively small.
Figure 5.3.6. shows the impacts of the construction materials considered. Ink, resin and
varnish were the major construction material contributors to the endpoint impact and the
2nd one for CC and for FD. Asphalt was the 2nd most relevant product for the endpoint
impact, the 1st for FD and the 4th for CC. Cement was the 3rd for the endpoint impact, the 1st
for CC and the 6th for FD. Ceramic products occupied the 4th and 5th places of the endpoint
impact. It is interesting to note that although the mass input of concrete, sand and gravel
were very high, the impacts of these products were among the lowest ones. The ranges of
sensitivity  for  ink,  resin  and  varnish,  asphalt  and  mortar  &  plaster  were  high.  This
happened because there was a significant difference of impact data among product types
(e.g. cement mortar or adhesive mortar). It is an indication that more detailed study on the
consumption of these products would be desirable.
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Figure 5.3.3. Impacts of food, drinks and tobacco products on: a) CC; b) FD; c) ReCiPe
endpoint (beer, coffee, mineral water, soft drinks and juices were not considered); d) CC
range for different  LCA impact data (products without range mean that  only one LCA
database impact data was found).
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Figure 5.3.4. Impact data values of food products per kg of consumption for: a) CC; b) FD;
c) ReCiPe endpoint (coffee not considered).
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Figure 5.3.5. Impacts of other products on: a) CC; b) FD; c) ReCiPe endpoint (footwear
not considered); d) CC range for different LCA impact data (products without range mean
that only one LCA database impact data was found).
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Figure 5.3.6. Impacts of construction products on: a) CC; b) FD; c) ReCiPe endpoint; d)
CC range for different LCA impact data (products without range mean that only one LCA
database impact data was found).
78
5.4. Interpretation
To interpret the obtained results they will be compared with other studies. This comparison
is useful to check whether results are plausible, but local and methodological differences
need to be taken into account. The results will also be compared with the values obtained
on chapter 4 using the economic IO approach. Past studies that will be used for comparison
were summarized on Table 2.8.1. First the results will be compared with national averages.
The national averages for GHG emissions and for fossil fuel consumption in 2008 were
approximately 21.3 kg CO2-eq./cap/day (INE, 2011d) and 6.0 koe/cap/day  (INE, 2011e).
The results of this process LCA were 27.3 kg CO2-eq./cap/day and 7.9 koe/cap/day. The
national averages were around 20% lower for CC and 25% lower for FD. Aveiro's share of
the national population (around 0.7%) was 10% lower than the downscaling factor used
(0.77%), which was based on the share of employed population. This fact alone explains
half of the difference obtained. Other important difference is that the methodology used
here included imports and excluded exports.  For  several  of  the analyzed industries the
imported value was much higher than the exported value, what indicates that an important
share  of  the  CC and FD impacts  occurred in  other  countries,  thus  not  influencing the
statistical averages of Portugal (which are production-based and not demand-based).
Muñoz et al. (2010) found an input value of food and drinks equal to 2.4 kg/cap/day for the
Spanish average diet in 2005. This value is 25% lower than the one estimated here for
Aveiro (3.3 kg/cap/day). The CC impact obtained for the food and drinks consumption in
Spain was 5.8 kg CO2-eq./cap/day and the FD impact was 1.3 koe/cap/day. Food, drinks
and tobacco products impacts on CC and FD found here were 6.8 kg CO2-eq./cap/day and
1.3 koe/cap/day. The Spanish values were 15% lower for CC. It should be noted that the
study carried out by Muñoz et al. (2010) was a more detailed study, focused only on food
consumption and using many impact data specifically for Spain. It also did not include a
downscaling  of  information,  since  it  analyzed  the  average  Spanish  consumption.  It
included also the excretion stages, though they did not had a very high influence (food
production was the main impact).
Foidart et al. (2010) analyzed the electricity supply mix of Belgium and Spain in a life
cycle perspective and found for 2005 CC impacts of 7.4 kg CO2-eq./cap/day and 9.2 kg
CO2-eq./cap/day respectively.  These  values  are  production-based  and  not  consumption-
based (industrial uses are included). The CC impact found for household, commerce and
services electricity demand in Aveiro was 6.2 kg CO2-eq./cap/day. Industrial use in Aveiro
presented in the Energy Flow Analysis of chapter 3 would increase the obtained value
significantly (more  than  double).  Since the  Portuguese supply mix  almost  did not  use
nuclear energy and was mainly based on coal and natural gas, it was reasonable to get a
higher CC impact for electricity in Portugal.
Rosado and Ferrão (2009) used an economic IO approach to analyze the embodied energy
of  products  consumed  in  Lisbon  in  the  year  2002.  They  found  FD  impacts  of  0.38
koe/cap/day for “Food products, beverages and tobacco”, 0.15 koe/cap/day for “Other non-
metallic mineral products”, 0.14 koe/cap/day for “Textiles, leather and footwear”, 0.13 koe
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for “Paper, printing and publishing” and 0.08 koe for “Chemicals”. The values obtained
here for the same industries were 1.3 koe/cap/day (food and beverages), 0.38 koe/cap/day
(non-metallic minerals), 0.11 koe/cap/day (textiles and footwear), 0.20 koe/cap/day (paper)
and 0.16  koe/cap/day (ink, resin and varnish as the single product group of the chemical
industry that was included). The FD impacts for Aveiro consumption of products estimated
here with the process LCA methodology were significantly higher than the ones of Lisbon
consumption. The fact that this study comprehended more industries and products and that
methodologies used were not the same may be the reason for the differences obtained.
Another reason is that the Lisbon study used final energy instead of raw fuel consumption
(which is the one estimated with process LCA).
Brookings Institution (2008) found a CO2 emissions range of 3.73 to 9.48 kg CO2/cap/day
for ground transportation and residential use of electricity and fuels of 100 metropolitan
areas of the U.S. For ground transportation the range was 2.26 to 6.00 kg CO2/cap/day and
for residential use it was 0.96 to 5.37 kg CO2/cap/day. In Aveiro a CC impact of 5.6 kg
CO2-eq./cap/day was obtained for diesel, gasoline and biofuel together, which are mainly
used for transportation. The residential, commercial and services use of electricity, natural
gas and wood (energetic use) caused a CC impact of 7.8 kg CO2-eq./cap/day, which was
around half due to residential use and half due to commerce and services (see Table 5.2.3).
It should be noted that Brookings Institution (2008) used CO2 emissions only and not GHG
emissions (CO2-eq.).
Kennedy et al. (2009) analyzed the carbon footprint of ten global cities and found a range
of 11.5 kg CO2-eq./cap/day (Barcelona) to 58.9 kg CO2-eq./cap/day (Denver). This study of
Aveiro got an intermediate CC impact (27.3 kg CO2-eq./cap/day). A comparison with each
emission source group was done showing the ranges found in the ten global cities and also
the results  for  Barcelona (since it  is  a city with characteristics  more or  less  similar to
Aveiro in relation to weather and geographical location). Electricity contribution ranged
from 1.0 (Geneva) to 24.7 (Denver) kg CO2-eq./cap/day and for Barcelona it was around
2.2 kg CO2-eq./cap/day. Aveiro's electricity demand of households, commerce and services
emitted almost 3 times more than Barcelona (6.2 kg CO2-eq./cap/day). One reason for this
higher impact is  the fact  that  the Portuguese electricity supply mix had a higher GHG
intensity (higher share of coal). Ground transportation range was 2.1 (Barcelona) to 17.3
(Denver) kg CO2-eq./cap/day. The CC impact of diesel, gasoline and biofuel together was
5.6 kg CO2-eq./cap/day in Aveiro, also 3 times higher than Barcelona. This is probably
mainly due to the quality of public transportation offered in Barcelona and a higher use of
private vehicles for commuting in Aveiro. Air transportation range went from null up to 8.5
kg CO2-eq./cap/day (London) and was equal to 4.4 kg CO2-eq./cap/day in Barcelona. The
jet  fuel  CC impact  was 1.3  kg CO2-eq./cap/day in  Aveiro,  a value 3 times lower than
Barcelona. The fact that Kennedy et al. (2009) assigned air transport emissions only for
cities that had airports within its limits (as it is the case for Barcelona) may explain this
difference. Barcelona's airport emissions are caused not only by the demand of the citizens
of Barcelona, but also by the demand of citizens of surrounding cities and by tourists.
Landfill emissions depend on the waste management practices. They went up to 2.7 kg
CO2-eq./cap/day in  Cape Town and Bangkok, due to the lack of biogas recovery from
landfills (more CH4 emissions). In Barcelona they were 0.8 kg CO2-eq./cap/day, while the
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estimated here to Aveiro were 1.4 kg CO2-eq./cap/day.
Ramaswami et al. (2008) found for Denver (U.S.) a total carbon footprint of 69.9 kg CO2-
eq./cap/day, which is  2.5 times higher than the one found to Aveiro.  Electricity (of all
buildings including industries) emitted 25.0 kg CO2-eq./cap/day, a value 4 times higher
than the one found in this study (6.2 kg CO2-eq./cap/day). But only household, commerce
and services demand for electricity was included here. Natural gas (also for all buildings
including industries) caused a CC impact of 10.9 kg CO2-eq./cap/day, 6.8 times higher than
its  impact  in  Aveiro  (1.6  kg  CO2-eq./cap/day).  Road  transport  emitted  16.5  kg  CO2-
eq./cap/day and air transport emitted 4.3 kg CO2-eq./cap/day, values around 3 times higher
than in Aveiro. Fuel production life cycle emissions amounted to 5.2 kg CO2-eq./cap/day.
As only the total life cycle fuel impacts were calculated and presented, it is not possible to
make a direct comparison with this value. But a brief analysis indicated that the impact of
diesel, gasoline, jet fuel and biofuel production would be around 1.5 kg CO2-eq./cap/day
(the fuel  used for electricity production was not included).  The fuel  production impact
value in Denver was 3.5 times higher. This could be expected since much more fuel was
consumed.  It  is  more  interesting in  this  case  to  compare  the  share  of  fuel  production
contribution to total emissions, which was 7.4% in Denver and 5.5% in Aveiro. Cement
production  emissions  in  Denver  were  estimated  with  a  process  LCA approach  and
amounted to 1.4 kg CO2-eq./cap/day in Denver (2% of total emissions). In Aveiro cement
production  emissions  were  0.35  kg  CO2-eq./cap/day  (1.3%  of  total  emissions).  Food
production in Denver was responsible for 6.6 kg CO2-eq./cap/day, what was estimated with
an  economic  IO  approach.  The  emissions  estimated  here  to  Aveiro  food,  drinks  and
tobacco products were 6.8 kg CO2-eq./cap/day. This value seems to be high, since all other
products  had  higher  values  in  Denver.  However,  this  could  be  due  to  methodologies
applied and to the fact that food consumption is probably more similar among developed
countries than other products such as fuels.
Siemens  European  Green  Cities  Index  (2009)  found  for  the  year  2007,  20.5  kg
CO2/cap/day,  1.47  kg/cap/day  of  waste  generation  and  239  L/cap/day  of  water
consumption in Lisbon. The value of CO2 emissions is slightly lower than the national
average  and  much  lower  than  the  one  found  here,  but  it  does  not  include  all  GHG
emissions.  The  waste  generation  was  quite  close  to  the  one  used  for  Aveiro  (1.55
kg/cap/day).  The  water  consumption  was  much  higher  than  the  one  used  here  (138
L/cap/day). Part of the difference is due the fact that only non-industrial tap water was
counted for Aveiro (industrial use and water losses after catchment were not included).
Table 5.4.1 shows the comparison made between results for the process LCA of Aveiro
(year 2008) and the IO analysis of chapter 4 (year 2005).
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Table 5.4.1. Comparison of impacts from Aveiro demands using IO analysis and process
LCA
The total CC and FD impact values obtained with both methodologies were very close.
Process LCA got slightly higher values, but the difference gets really small if solid waste
and wastewater emissions are disregarded (they were not considered on the IO analysis).
However,  the  individual  impact  of  products  varied  significantly.  The  following
methodological differences are probably the best explanation for that:
− Service sectors were included in the IO analysis as the money they get allows their
activities to consume electricity and other products from other sectors, thus causing
impacts.  Instead  of  this  approach,  the  process  LCA considered  the  impact  of
products that were sold for these service sectors (e.g. hotels and restaurants were an
important sector in the IO analysis, but their impacts were considered in the process
LCA only indirectly by their consumption of food, electricity and other products
and waste production).
− Consumption of packaging materials (paper, glass and plastic) was considered in
the process LCA and had very high contributions to the total impacts. As packaging
materials have no price or defined cost to the final consumer, it was not possible to
consider them separately in the IO analysis.
− For a few of the IO analysis sectors, no products were included in the process LCA
at this time (e.g. pharmaceuticals and furniture). 
− The process LCA used impact data that were not local (usually from Switzerland,
Denmark  or  European  averages),  while  the  IO  analysis  used  national  industry
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Economic Sectors demanding
Land transport; transport via pipelines 5.64 5.58 1.86 1.96
Food products, beverages and tobacco 5.04 6.76 1.00 1.32
Construction 4.67 1.82 1.31 0.71
Production, collection and distribution of electricity 3.13 6.17 0.86 1.96
Hotels & restaurants 1.53 - 0.43 -
Motor vehicles, trailers & semi-trailers 0.75 0.31 0.25 0.11
Textiles, textile products, leather and footwear 0.71 0.60 0.24 0.11
Pharmaceuticals 0.70 - 0.16 -
Manufacturing nec; recycling (include Furniture) 0.68 - 0.21 -
Manufacture of gas; distribution of gaseous fuels through mains 0.67 1.59 0.18 0.63
Other community, social & personal services 0.64 - 0.23 -
Air transport 0.26 1.29 0.09 0.45
Pulp, paper, paper products, printing and publishing 0.23 0.61 0.13 0.2
Health & social work 0.22 - 0.07 -
Collection, purification and distribution of water 0.17 0.04 0.06 0.01
Post & telecommunications 0.16 - 0.06 -
Electrical machinery & apparatus, nec 0.15 0.19 0.05 0.05
Wood and products of wood and cork 0.11 0.07 0.02 0.01
Radio, television & communication equipment 0.11 0.06 0.04 0.02
Machinery & equipment, nec 0.10 - 0.03 -
Finance & insurance 0.07 - 0.03 -
Education 0.05 - 0.02 -
Products of glass - 0.47 - 0.17
Products of plastic - 0.29 - 0.14
Metal cans - 0.02 - 0.01
Solid waste - 1.40 - 0.02
Wastewater - 0.05 - 0.01
TOTAL 25.8 27.3 7.3 7.9
CC 
IO analysis
(kg CO2-eq./cap/day)
           CC            
proces LCA
(kg CO2-eq./cap/day)
FD
IO analysis
(koe/cap/day)
          FD            
proces LCA
(koe/cap/day)
average  impacts.  Thus,  the  use  of  local  impact  data  is  an  advantage  of  the  IO
approach.
− The process LCA used physical units (kg for most of the products) to multiply by
their correspondent impact data and the IO analysis used monetary units (Euros).
The use of monetary units may lead to some errors (e.g. 1,000 € of cement would
have the same impact of 1,000 € of concrete or sand, if there is only one economic
sector  for  “non-metallic  minerals”,  as  the  total  impact  of  this  sector  would  be
averaged for all products). Hence, the use of physical units is an advantage of the
process LCA.
− In the process LCA, for some products, it is hard to define which part is for final
consumption  and  which  part  will  be  further  used  as  raw  materials  of  other
industries. If the raw material were counted as final consumption, double counting
would happen (e.g. the LCA impacts of ink are considered as final product for the
construction industry and then its impact is again considered as a raw material to
produce cars or other products). The avoidance of double counting is an advantage
of the IO analysis, since it is based on the inter-relations of the several industries.
The listed methodological differences may explain most of the differences obtained in the
results  for  individual  sectors  (probably  not  all).  The  fact  that  individual  products
contributions  to  the  total  environmental  load  of  a  city could  be  analyzed  was  a  great
advantage of process LCA. This is why we considered the process LCA to be a better
approach  when the  objective  is  to  identify  hot  spots.  Even  with  all  the  disadvantages
mentioned,  it  seems  that  the  process  LCA results  gave  a  better  orientation  on  which
products or groups of products to focus on a further and more detailed analysis.
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6. LCA of water and wastewater systems
6.1. Goal and Scope Definition
The objective of this chapter was to make a process LCA of the water cycle in Aveiro in
the year 2008 to get its associated impacts based on more detailed data. The results of this
detailed analysis were compared with results of chapter 5. This enabled a comparison of
the quality of results obtained through the use of regional impact data available on LCA
databases and results  obtained with local  data.  The whole water  cycle was considered,
beginning with the water catchment and ending with the release of wastewater in the sea.
The functional unit defined was 1 m³ of tap water at the consumers. The total consumption
of tap water in the city was 4,350,000 m³ in 2008, which results in an average of  0.163
m³/cap/day (total population of the city is 73,335 inhabitants). These values can be used in
case a calculation of per capita or total impacts is desired. 
Data were obtained  directly with the  companies  and  entities  responsible  for  the water
catchment,  treatment, distribution and wastewater collection and treatment.  Most of the
water consumed in the city came from the river “Vouga” and was captured in a neighbor
area  called  “Carvoeiro”  located  in  the  city of  Albergaria  a  Velha.  The supplier  was  a
company called “Águas do Vouga – Exploração, Gestão do Sistema Regional do Carvoeiro
S.A.” (Águas do Vouga), which provides treated water for several other cities in the region.
The entity responsible for the water distribution and for the wastewater collection in 2008
is called “Serviços Municipalizados de Aveiro” (SMA) and it was only working in Aveiro.
Part  of  the  supplied  water  was  directly  obtained  and  treated  by  SMA (around  29%).
Nowadays this entity is not responsible for the water services anymore. So, much of the
information and help was also obtained from the actual  company,  which is  “Águas da
Região de Aveiro S.A.” (ADRA).  Another  company called “Saneamento Integrado dos
Municípios  da  Ria  de  Aveiro  S.A.”  (SIMRIA)  was  responsible  for  the  wastewater
treatment and it treated wastewater coming from many other cities as well. The wastewater
treatment of the city was done mainly in two different treatment plants (“ETAR Norte” and
“ETAR Sul”). This was considered when counting their inputs and outputs, but their values
were grouped here and presented as a single stage for simplification. A smaller treatment
plant (“ETAR São Jacinto”) was not taken into account due to the lack of information. The
data  on  the  considered  inputs  and  outputs  of  the  companies  “Águas  do  Vouga”  and
“SIMRIA”  were  already  organized  and  directly  provided  as  average  consumptions  or
concentrations of the total flow. The flow of Aveiro was also informed and the total inputs
and outputs were estimated considering this averaged consumptions and releases of the
companies. The SMA did not have the needed inputs and outputs organized, so the data
were obtained by direct  work of the author during several  days in this entity's  archive.
Since SMA was the only organization considered that worked only for Aveiro, it was also
the  only one  for  which  administrative  consumptions  were  included  (electricity for  the
buildings,  diesel  and  gasoline  for  transports).  The  inputs  and  outputs  of  the  other
companies  were  all  related  only  to  operational  processes.  Part  of  the  data  used  was
available on annual reports of these companies (SMA, 2008 and SIMRIA, 2008a,b). The
division  further  used  for  the  analysis  did  not  consider  the  companies  division  of
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responsibilities, but only the following water cycle stages: water catchment and treatment,
water distribution and sewage collection, wastewater treatment and administration. 
The  impact  assessment  method  chosen  was  the  hierarchist  approach  of  ReCiPe  2008
(Goedkoop et al., 2009) with the midpoint impact categories of climate change (CC), fossil
fuel  depletion  (FD)  and  marine  eutrophication  (ME).  The  single  endpoint  indicator  of
ReCiPe was also selected. It  should be reminded that the endpoint indicator of ReCiPe
2008 does not consider marine eutrophication because no quantitative connection could be
established. It was decided to use the endpoint indicator even though the aggregation of
impacts in a  single indicator  is  something questionable.  This was done because of  the
amount  of  information and lack of  time to analyze more impact categories.  Ecoinvent
(2007)  was  the  main  database  used,  but  the  impact  data  of  “landfill  of  biodegradable
waste” were taken from the European Reference Life Cycle Database (ELCD, 2011). The
databases were accessed through the software SimaPro.
6.2. Inventory Analysis
Inputs and outputs
All the considered inputs and outputs are listed in Table 6.2.1 and presented in  Figure
6.2.1, with the correspondent quantities inventoried for each stage of the water cycle. 
Table 6.2.1. Quantification of inputs and outputs considered in the water cycle of Aveiro
per m³ of tap water
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Process / Product Unit
Inputs
Electricity kWh 0.882 0.427 0.731 0.200
Lime kg 0.0343
Carbon dioxide kg 0.0323
Chlorine kg 0.0013
Sodium hypochlorite kg 0.00015
Iron chloride kg 0.003
Polymers kg 0.0005
Polyvinylchloride (PVC) tubes kg 0.020
Diesel personkm 0.003 0.026 0.202
Petrol personkm 0.041
Outputs
Methane (to atmosphere) kg 0.006
Nitrous oxide (to atmosphere) kg 0.00014
Nitrogen (to sea) kg 0.0404
Phosphorus (to sea) kg 0.0053
Inert waste (to landfill) kg 0.0611
Fats (to landfill) kg 0.0038
Benefits
Phosphorus in sludge used in agriculture kg 0.0021
Nitrogen in sludge used in agriculture kg 0.0057
Water 
catchment 
and treatment
Water 
distribution 
and sewage 
collection
Wastewater 
treatment
Water 
administration
Figure 6.2.1. Water cycle metabolism with inputs and outputs considered, all units per m³
of tap water
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The water catchment system is composed of  one surface water  capturing point  (which
provides 71% of the total water consumption) and 14 groundwater capturing points. The
treatment system comprehends 1 treatment station for the surface water (which uses mainly
chlorine,  lime and carbon dioxide)  and 9 treatment stations for the groundwater (using
mainly lime, chlorine and sodium hypochlorite). The inputs considered for the stage “water
catchment  and  treatment”  were  electricity,  lime,  carbon  dioxide,  chlorine,  sodium
hypochlorite and diesel used in transportation. Diesel was converted from liters to “person
x km”,  assuming that  1  L runs  12 km in a  diesel  vehicle (Kennedy et  al.,  2010) and
assuming 1 person per vehicle. 
Unfortunately, no division was achievable between consumptions for the water distribution
and consumptions for the sewage collection. So, these stages were considered together. For
these stages it was possible to list the inputs of electricity (mainly for water and sewage
pumping),  PVC  tubes  and  diesel.  The  water  and  sewer  system  ducts  were  the  only
infrastructure items considered for all stages, because previous studies indicated that the
ducts  had  a  relevant  share  on  the  water  cycle  impacts  (Lassaux  et  al.,  2007).  Other
infrastructure  items  usually  presented  very  small  shares  of  total  impacts.  Ducts  were
considered by checking only reposition, i.e. by counting the amount of tubes that were
bought during 2008. The total amount of ducts bought (14.36 km) was equal to 1.2% of the
total water and sewer systems length (1,158 km). This percentage roughly indicates an
average life span of 80 years for tubes if the amount of replaced tubes remains constant
over time (what may not be the case). Several types of tubes were bought, but PVC tubes
represented more than 60%. For simplification all ducts were considered to be PVC tubes
with a density of 6 kg/m. 
The  considered  wastewater  treatment  system  was  composed  of  2  different  WWTPs:
“ETAR Norte”  (which  treated  9,430,000 m³  in  2008)  and  “ETAR Sul”  (which  treated
4,977,000 m³ in 2008). Their wastewater is discharged directly to the sea (3.3 km from the
coast). Both WWTPs used secondary treatment (activated sludge) with anaerobic digestion
of  sludge  and  further  application  of  sludge  in  agricultural  land.  On  the  wastewater
treatment  stage,  the  inputs  included  were  electricity,  iron  chloride  and  polymers.  Iron
chloride and polymers were used for the dewatering of sludge. The outputs considered
were N and P emitted to the sea within the wastewater (after the treatment), inert waste and
fats sent to the landfill, N and P released in agricultural fields within the sludge and CH4
and N2O emissions. N and P in the sludge were listed as benefits because their application
in  agricultural  fields  reduces  the  consumption  of  N-based  and  P-based  fertilizers.
Information was available on the concentrations of BOD, COD, TSS and chlorides in the
wastewater after treatment. However, it was observed that the ReCiPe 2008 methodology
does  not  consider  any  impact  for  their  emissions  to  the  sea.  So,  these  outputs  were
excluded from the analysis. Heavy metals were not included in the analysis due to the lack
of data. Biogas was produced in the anaerobic digestion of sludge and used to heat up the
anaerobic reactor. Excess of biogas production was burned without energy recovery, but
there  are  plans  to  start  using  it  for  electricity generation  in  the  near  future.  The CO2
emissions of biogas burning were not taken into account because they are biogenic. Biogas
was generated and consumed within the treatment system, so it was not considered as an
input neither as an output in the impact assessment (only the CH4 fugitive emissions were
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considered). 
The inputs of electricity, diesel and petrol for the administration were considered. Petrol
was converted from liters to “person km” also assuming that 1 L equals 12 person x km, as
mentioned before for diesel. 
For each m³ of tap water, 1.38 m³ were caught and treated. So, the first water losses (before
water distribution) of 0.38 m³ refer to distribution losses. After water distribution to final
consumers, a volume of 0.844 m³ became wastewater, meaning that the other 0.156 m³
named as  the second “water  losses” in  Figure 6.2.1 was lost  due to  evaporation or  to
household uses such as garden irrigation. The sewage system collected this wastewater that
resulted from the use of supplied tap water, but also another 0.32 m³ of infiltration, rain and
private wells water. This addition resulted in a wastewater arriving the treatment plants
equal to 1.163 m³. The water losses within sludge and other outputs in the treatment plants
were very small, so it was assumed that the wastewater outputs were equal to the inputs in
this stage. 
Data quality
Unfortunately it was not possible to achieve a high quality for all data used, as it would be
desirable. A simple classification of the different levels of data quality was done making a
distinction between three levels: “high” (data was obtained by the author by checking the
bills in the entity archives or by checking the entity reports), “medium” (data was provided
by the entities as an average of total consumption divided by total flow, which included
other  cities  apart  from  Aveiro)  and  “low”  (data  was  taken  from  the  literature).  The
distribution was as follows:
− High  quality  data:  water  and  wastewater  fluxes,  electricity  consumption  in  the
water distribution and sewage collection and in the administration, diesel, gasoline
and pipes inputs.
− Medium quality data: electricity consumption in the water catchment and treatment
and in the WWTP, inputs of lime, CO2, chlorine and sodium hypochlorite, outputs
of N and P in the treated wastewater, output of sludge (total wet weight without
composition) and outputs of inert waste and fats to the landfill.
− Low quality data: inputs of polymers and iron chloride, N and P contents in the
sludge and CH4 and N2O emissions.
The company responsible for the WWTP was not able to provide quantitative data on the
inputs for sludge dewatering (polymers and iron chloride were the products used) and on
the characterization of the sludge generated. Hence, literature values were used to fulfill
this lack of data. The polymers and iron chloride inputs were taken from Lassaux et al.
(2007), which did a water cycle LCA in Belgium. The sludge characterization values were
taken  from  Tchobanoglous  et  al.  (2003),  which  is  an  extensive  study  on  wastewater
engineering,  mainly  based  on  the  U.S.  reality.  According  to  these  authors  the  typical
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content of total dry solids (TS) in digested primary sludge is 4%. The typical N content is
3% of TS and the P content (as phosphorus pentoxide (P2O5)) is 2.5% of TS. Cake solids
concentration in the sludge after dewatering with centrifuges is 30% and with belt-filter
presses is 18%. One WWTP of Aveiro used centrifuges (ETAR Sul) and the other used
belt-filter presses (ETAR Norte), according to information obtained directly with SIMRIA,
so an average value of 24% of solids in the sludge was estimated.
CH4 and N2O might be emitted to the atmosphere due to fugitive emissions and to the
application  of  sludge  in  agricultural  land  (Hobson,  2003).  Emission  factors  from  the
literature  were  used  for  these  outputs.  Fugitive  emissions  of  methane  from anaerobic
digestion  with  production  and  utilization  of  biogas  for  heating  are  26.2  kg  CH4/t  TS
(Hobson, 2003). Methane emissions from the disposal of digested sludge in agricultural
land are 5 kg CH4/t TS (Hobson, 2003). A high uncertainty is associated with these values
(more than 50%), but they will be used as no other values were found. N2O emissions from
wastewater treatment may vary between 3 and 60 g N2O per person per year, depending on
the  type  of  treatment  and  operations  (Hobson,  2003).  The  lower  value  of  3  g  N2O
per/cap/year was selected here because the treatment plants in Aveiro do not include stages
of  nitrification  and  denitrification  (which  are  the  main  emitters  of  N2O).  The  sludge
application to agricultural land emits 1% of the N content as N2O due to denitrification in
the soil (Hobson, 2003).
Impact data
Ecoinvent (2007) was the used database for nearly all products/processes, using version 2.0
of  the  database,  excluding  infrastructure  impacts  and  taking  cradle-to-gate  data  where
necessary. The only impact data taken from other database was for the output of fats to the
landfill, which used the process “Landfill of biodegradable waste EU-27” from the ELCD
(2011) database. Almost all impact data taken into account was available in the databases
for the hierarchist approach of ReCiPe 2008 (Goedkoop et al., 2009) for CC (in kg CO2-
eq.), for FD (in koe), for ME (in kg N eq.) and for the single endpoint indicator (in points).
The only exceptions were for N and P released to the sea and for CH4 and N2O emissions.
The impact data of N and P released to the sea were not from any database, but calculated
directly  as  elemental  emissions  in  the  software  SimaPro.  The  GWP of  CH4 and  N2O
emitted  to  the  atmosphere  were  taken  from  the  Intergovernmental  Panel  on  Climate
Change (IPCC, 2007) and this impact was linked to the ReCiPe endpoint impact using the
connection factors given by Goedkoop et al. (2009) for the hierarchist approach.  Since
most of the electricity consumption in the process was of medium and high voltage (more
than 95%), the impact data of medium voltage electricity supply in Portugal were used.
The polymers for sludge dewatering are mainly constituted by acrylonitrile (WHO, 1999).
So the impact data of this compound were used because no information was found for
polymers  production.  The  benefits  of  P and  N in  the  sludge  used  the  impact  data  of
substitution of single superphosphate and ammonium nitrate.
91
6.3. Impact Assessment
With all the quantities of inputs and outputs inventoried and the impact data selected, the
assessment of total impacts was carried out and is presented in Figure 6.3.1. Electricity had
by far the major contribution to CC impacts (83%), with CH4 emissions having also a
relevant  share  (9%).  N2O emissions,  lime,  carbon  dioxide,  PVC tubes  and  diesel  had
around 2% of contribution each. N to agriculture prevented 3% of the GHG emissions and
P to agriculture prevented 0.3%. The total CC impact found was 1.7 kg CO2-eq.,  from
which  the  stages  that  emitted  most  were  water  catchment  and  treatment  (36%)  and
wastewater treatment (35%). Water distribution and sewage collection emitted 18% and the
water  administration  emitted  10% (what  shows  that  the  administration  had  a  relevant
contribution).
The total FD impact was 0.49 koe. The contributions were similar to the ones for CC. Most
of  the  impact  was  for  the  electricity  production  (91%).  PVC  tubes  had  a  significant
contribution (5%), as well as diesel (3%). CO2, lime, chlorine and petrol contributed to
around 1% each. N and P used in agriculture avoided 1.5% and 0.4% respectively.  The
stage of  water  catchment  and treatment  had 38% of the total  FD impact,  the stage  of
wastewater  treatment  had 28% and water  distribution and sewage collection had 22%.
Water administration demanded another 11% of the FD impact.
The total ME impact was 0.042 kg N eq. It was mainly caused by the N released to the sea
within the treated wastewater (96%). Electricity consumption had a contribution of 4%.
The  stage  of  wastewater  treatment  is  the  one  for  which  the  wastewater  release  was
assigned, hence it had the major share of the total ME impact (97%). 
The total endpoint impact estimated was 0.17 Pt. Electricity accounted for 92%, PVC tubes
for  3% and  diesel  for  3%.  CO2,  lime,  chlorine,  petrol  and  P released  in  the  sea  had
contributions of around 1% each.  It  should be reminded that  the methodology used in
ReCiPe 2008 for the endpoint did not take into account ME. This is the reason why N
released in the sea did not have any contribution to the endpoint impact, though it might be
considered one of the most relevant impacts of the water cycle. The utilization of N and P
in  agriculture  avoided  2%  and  0.4%  respectively.  The  stage  of  water  catchment  and
treatment was responsible for 39% of the endpoint impact. Wastewater treatment accounted
for another 28%, water distribution and sewage collection for 21% and administration for
11%.
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Figure 6.3.1.  Water  cycle  impacts on a)  climate change;  b)  fossil  depletion; c)  marine
eutrophication; d) ReCiPe endpoint.
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6.4. Interpretation
The obtained values were compared with past studies and LCA database impact data used
in chapter 5. The comparison with past studies was presented in Table 6.4.1. 
Table 6.4.1. Comparison of results obtained with past studies, all units per m³ of tap water
The main difference on the inputs and outputs observed was that this study found much
higher  values  of  electricity  consumption  for  all  stages  in  Aveiro.  Most  of  the  impact
assessment results presented by Lassaux et al. (2007) and Hospido et al. (2008) were not
from the characterization step, but normalized or relativized. It was attempted to obtain the
characterization values by direct contact with the authors, but it was not achieved. Lassaux
et al. (2007) found an endpoint impact of the water cycle much higher than the one found
here, but the impact assessment methodology used was different (Eco-Indicator 99). Most
of their endpoint impact was caused due to eutrophication (the wastewater release of their
study was in rivers).  In  our study the release was directly to the sea and the endpoint
impact did not include marine eutrophication. A disadvantage of the method Eco-Indicator
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Inputs and Outputs Walloon region (Belgium)* Galicia (Spain)** Aveiro (Portugal)
Stages before WWTP
Water caught 1.42 m³ 1.38 m³
Electricity 0.39 kWh 1.31 kWh
Wastewater generation
Stages after WWTP
Electricity 0.28 kWh 0.73 kWh
Iron chloride
Polymers
Lime
COD 0.0814 kg – to sea
BOD 0.0134 kg – to sea
N total (wastewater) 0.0404 kg – to sea
P total (wastewater) 0.0053 kg – to sea
Solid waste 0.065 kg
Sludge
N total (sludge) 0.0057 kg
P total (sludge) 0.0021 kg
Impact Assessment
Climate change 1.7 kg CO2-eq.
Fossil depletion 0.49 kg oil eq.
Eutrophication
Endpoint
0.78 m³ 
(0.29 m³ treated and 
0.49 m³ non-treated)
1.163 m³ 
(all assumed to be treated)
0.33 kWh
(19.6 kWh / pe / year)
2.71x10-3 kg 3x10-3 kg
4.78x10-4 kg 6.8x10
-4
 kg
(0.041 kg / pe / year) 5x10-4 kg
3.01x10-6 kg
0.0372 kg 
(47.74 mg/L) – to rivers
0.31 kg
(18.6 kg / pe / year)
0.12 kg
(7.3 kg / pe / year)
0.0084 kg 
(10.80 mg/L) – to rivers
0.0452 kg
(2.71 kg / pe / year)
0.0012 kg 
(1.60 mg/L) – to rivers
0.0013 kg
(0.077 kg / pe / year)
0.142 kg
(8.54 kg / pe / year)
0.158 kg (dry)
(9.48 kg / pe / year)
0.19 kg (dry)
0.79 kg (wet)
0.0057 kg
(0.341 kg / pe / year)
0.0033 kg
(0.195 kg / pe / year)
0.23 kg CO2-eq.
(13.8 kg CO2-eq. / pe / year)
4.2x10-2 kg N eq. (marine)
0 (freshwater)
0.40 Eco-Pts 
In Eco-Indicator 99
0.17 Pt 
In ReCiPe (H) endpoint
* Lassaux et al. (2007) listed several types of WWTP in the study. The values presented are for the treatment type that had the largest share. 
The impact assessment method used was Eco-Indicator 99 and only normalization profiles were presented.
** Hospido et al. (2008) compared four types of WWTP in the study. Only the values of one were presented here (125,000 pe). The functional 
unit was population equivalent (pe) which was converted to m³ of tap water considering 1 pe / year = 60 m³ tap water / year. Apart from CC, 
other impact assessment results were only presented as relative values to compare the four types of WWTP.
99 is that it does not consider separation between marine and freshwater eutrophication, as
ReCiPe 2008 does. Hospido et al. (2008) got a CC impact for the WWTP stage equal to
0.23 kg CO2-eq./m³, which is 2.5 times lower than the one found here for this stage (0.6 kg
CO2-eq./m³).  The  main  reason  found  for  this  difference  was  the  higher  electricity
consumption.
The water cycle impact data from Ecoinvent used in chapter 5 were “Treatment, sewage,
from residence, to wastewater treatment, class 2 / CH” and “Tap water, at user / RER”.
Summing up both processes the total impacts would be 0.736 kg CO2-eq. (CC), 0.172 kg
oil eq. (FD), 0.0213 kg N eq. (ME) and 0.072 Pt (ReCiPe endpoint). The impacts found for
the water cycle in Aveiro were between 2.0 and 2.8 times higher. This means that results of
chapter 5 underestimated the impacts of the water cycle, because they did not take into
account local  values. Using these local values the share of the water cycle in total CC
impacts of  the city demands would increase from 0.34% (0.09 kg CO2-eq./cap/day)  to
0.78% (0.21 kg CO2-eq./cap/day). The share in total FD impacts goes from 0.27% (0.022
koe/cap/day) to 0.76% (0.062 koe/cap/day) and the share in the total endpoint impacts
increases from 0.30% (0.009 Pt/cap/day) to 0.72% (0.022 Pt/cap/day).
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7. Conclusion
It  is  important  to  study  the  metabolism  of  cities  and  their  associated  environmental
impacts.  Demands  of  food,  energy,  water  and  other  products  are  increasing  as  a
consequence of urban population growth. The general life status improvement of citizens
also has an effect on their demands. Important steps were taken seeking a more sustainable
use  of  natural  resources  by institutions  such  as  the  United  Nations  and  the  European
Union. For this sustainability to be achieved on a local level, urban metabolism studies are
attempting to quantify environmental impacts, as well as social and economic development
issues.
Several methodologies exist for urban metabolism studies. This study reviewed the main
points  of  MFA,  process  LCA,  IO  analysis,  carbon  footprint,  ecological  footprint  and
sustainability  indexes.  An  unsustainable  city  was  compared  with  an  organism  with  a
dysfunction such as high cholesterol to illustrate the type of results that can be achieved by
each method. Sustainability indexes can be used as indicators like the one for cholesterol
level. MFA can be compared to the listing of food products and of how much the person
with high cholesterol usually eats. A deeper analysis of nutritional composition and the
content of each type of fats in the person daily diet is a step comparable to carbon footprint
or EF. If not only high cholesterol but also all other relevant dysfunctions were considered
in this deeper analysis, this would be a process LCA or an IO analysis (though IO analysis
would simplify it by using averages related to monetary values). A recommendation of a
daily diet defined by a nutritionist would be desired. In the end, the person would decide,
for example, to avoid eating milk derivatives and red meat and the dairy industries would
start producing 0% fat milk and yogurts. By defining which products cause more impacts,
the  specialist  recommendation  can  be  given  for  a  city  as  well.  With  this  information
citizens may choose to avoid such products and policy makers and industries can try to
reduce their impacts. 
The area studied was the city of Aveiro. It is a medium size city in Portugal, in which 0.7%
of the national population lives (73,335 inhabitants). It was chosen for the sake of having
easier access to local data. Unfortunately, no disaggregation of data was achieved for its 14
parish  subdivisions  in  this  study.  They  have  very  different  realities  in  terms  of
urbanization, social and economic development. So the results obtained here represent an
average for the whole city, which probably underestimated impacts of citizens that live in
more urbanized areas and overestimated impacts of citizens of more rural areas. Table 7.1
presents a summary of the results of each chapter and methodology applied. Every time,
with each methodology (MFA using local data, MFA with downscaled data, IO analysis,
city process LCA and water process LCA), improvement of the considered flows or their
impacts was obtained. Table 7.1 allows one to compare from the starting point up to the
last one and to see how the results have changed. 
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Table 7.1. Summary of the results obtained with the methodologies applied: a) MFA using
local data and MFA coupled (downscaled and local data); b) IO analysis and city process
LCA; c) city process LCA (water cycle contribution) and water process LCA.
The MFA was started in chapter 3 for the inputs of water, energy, food and beverages and
for the outputs of wastewater, solid waste and air emissions. Chapter 5 complemented the
MFA for residential, transports, commercial and services consumptions with downscaling
of  national  data  for  76  products,  which  used  a  factor  of  0.77%  (based  on  employed
population share). The final result for this demand-based MFA (excluding industrial and
agricultural uses) was a total input of 163 kg/cap/day, from which 85% was water, 10%
was construction materials, 2.5% was energy, 2.0% was food and drinks and 0.9% was
other products. The total outputs were 148 kg/cap/day, composed of wastewater (79%),
solid wastes (2%) and air emissions and net balancing items (19%). A net accumulation of
15 kg/cap/day was estimated, mainly composed of construction materials.
The IO analysis of chapter 4 found a total impact on climate change (CC) of 25.8 kg CO2-
eq./cap/day. The main economic sectors that demanded these emissions were land transport
(22%), food products and drinks (20%), construction (18%), final electricity (12%) and
hotels  and  restaurants  (6%).  The  total  for  fossil  depletion  (FD)  was  7.3  kg  oil  eq.
(koe)/cap/day, with the main sectors being land transport (25%), construction (18%), food
and drinks (14%), final electricity (12%) and hotels and restaurants (6%). 
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The process LCA of the city (chapter 5) used the data obtained from the MFA coupled to
estimate  their  associated  environmental  impacts.  A total  CC  impact  of  27.3  kg  CO2-
eq./cap/day was found. The total FD impact was 7.9 koe/cap/day and the ReCiPe endpoint
total impact was 3.0 Pt/cap/day. The main contributors for these impacts, i.e. the “priority
products”, are presented in Figure 7.1 (only the products with more than 1% of the total).
One of the main differences from the process LCA to the IO analysis that can be seen in
Table 7.1 is that only aggregated results per economic sectors were obtained with the IO
analysis, while the process LCA gave more disaggregated data that allowed the definition
of these “priority products”. 
Figure 7.1. Priority products found in the city process LCA, with their share on the impacts
of a) CC; b) FD; c) ReCiPe endpoint.
Although the total values were very close in the IO analysis and in the process LCA of the
city, the individual impacts of products were very different. Most of the disparities may be
explained by the methodological differences listed at the end of chapter 5. For instance,
final electricity in the process LCA included the commerce and services demands, which
were more than half of the final demand, and in the IO analysis only residential demand
was given separately (the other demands were spread in different economic sectors). Land
transportation impacts were quite close for both methods. The food products and drinks
share of impacts was also close, even more if the economic sector of hotels and restaurants
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is added in the IO analysis (most of its impacts was due to food products). It seems that the
impact of the construction industry was overestimated in the IO analysis, probably because
of  the  use  of  monetary  flows  in  the  methodology.  Since  the  process  LCA enable  a
verification of impacts on a product level, it was considered to be a better approach. But
the fact  that  IO analysis was much more simple and less time consuming was a great
advantage of this method. Hence, a combination of both methods can probably be the best
choice as it allows a comparison of results.
Most  of  the  results  obtained  in  chapter  5  used  LCA database  impact  data,  which  are
regional  averages  or  have  been obtained  in  other  European  countries  or  in  the United
States. Big differences could be achieved if local impact data were used. This was proven
to be true for the water cycle, which had a detailed process LCA done (chapter 6). The
impacts of the water cycle estimated on the local study were between 2 and 2.8 times
higher for all impact categories than the ones estimated in chapter 5. 
Due to  information and time constraint,  the process  LCA of the whole city was more
simple and relied on lower quality data than a conventional LCA of a single product, as the
one done for the water cycle. The difference found for local results shows the importance
of carrying out more detailed LCAs for all relevant products. However, the results obtained
with the city's process LCA may be useful to show priorities and to give orientation about
which products to focus on these detailed LCAs, since they demand much more time and
efforts. Hence, the process LCA is considered to be an appropriate tool to make an initial
analysis  of  an  urban  metabolism with  a  demand-based  approach.  But  a  more  precise
picture of the city's metabolism and environmental impacts can only be achieved gradually
with further studies. 
Further research
The author recognized the importance of further research work on the following topics:
− Local  process  LCA of  all  priority  products.  The  products  had  their  impacts
estimated  with  regional  LCA database  impact  data  and  with  downscaling  of
national data. Local and more detailed studies would allow more comparisons and
deeper analysis of the quality of the results obtained with the methodology applied
here.
− Use of more impact categories instead of using only CC, FD and ReCiPe endpoint.
It was decided to use an endpoint indicator due to the lack of time and volume of
information, but the products would be better analyzed if other impact categories
related to  toxicity,  eutrophication, acidification and land use,  for example,  were
taken into account separately.
− Improve results  of the IO analysis.  This could be achieved by including public
expenses  (only  household  expenses  were  taken  into  account),  by the  use  of  a
Portuguese  IO  table  disaggregated  in  more  economic  sectors  and  including
wastewater and solid waste, by using city scale or even lower scale information on
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private  households  expenses  and  by  varying  the  impact  factors  of  imports
according to the countries where they come from.
− Study of more cities using the same or similar methodologies. This would enable
comparison of the results  to improve the methodology and also to check which
cities cause more impacts on a per capita basis. This information would allow the
citizens and the government of cities with high impacts to work together to reduce
their impacts, learning with cities with lower impacts.
− Study on a lower geopolitical level (higher spatial resolution). The city of Aveiro
has 14 parish subdivisions, which have very different urbanization levels. It would
be important to characterize their different contribution to the total city impacts and
this could probably allow an association of impacts with urbanization.
− Study on the impacts of different social realities. Analyze the differences between
impacts of citizens with distinct economic status. Compare the impacts caused by
the demands of citizens with different ages. 
− Real case studies of demand for some individuals in different countries. A study on
the  patterns  of  consumption  and  their  associated  impacts  for  the  same  type  of
citizen (e.g. a student or an elderly) in several countries of different continents.
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